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6 Abst*an 
The current state of understanding of free-jet high pressure sampling is critically reviewed 
and modifications of certain theoretical and empirical considerations are presented. A high 
pressure, free-jet e?rpansion, modulated molecular beam, mass spectrometric sarnplirg 
apparatus w a s  constructed and t h i s  apparatus is described in detail. Experimental studies 
have demonstrated that t h e  apparatus can be used to sample high temperature systems at 
pressures up to one atmosphere. Condensible high temperature gaseous species have been 
routinely sampled and t h e  mass spectrometric detector has provided direct identification of 
sampled species. System sensitivity i s  better than one tenth of a part per million. Exper- 
imental results obtained w i t h  argon and nitrcqen beams are  presented and compared to theo- 
retical predictions. These results and the respective comparisons a re  taken to indicate ac- 
ceptable performance of the sampling apparatus. Results a re  also given for two groups of 
experiments related to hot corrosion studies. The formation of gaseous sodium sulfate in 
doped methane-oxvgen flames was characterized and the oxidative vaporization of metals was 
studied in an atmospheric pressure flowing gas system to which gaseous salt partial pressures 
were added. 
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The current state of understanding of f r ee - j e t  high pressure sampling 
is critically reviewed and modifications of c e r t a i n  t h e o r e t i c a l  and empir- 
ical considerat ions are presented. 
& d a t e d  molecular beam, mass spectr-tric sampling apparatus was con- 
s t ruc t ed  and t h i s  apparatus  is described i n  d e t a i l .  
have demonstrated that the  apparatus can be used t o  sample high tempera- 
t u r e  s y s t e m  at pressures  up t o  oae-atarosphere. 
a tu re  gaseous species have been rout'inely sampled and t h e  mass spectro-  
metric de t ec to r  has provided d i r e c t  i d e n t i f i c a t i o n  of sampled species .  
System s e n s i t i v i t y  is b e t t e r  than one ten th  of a p a r t  per mil l ion.  Ex- 
perimental results obta in td  with argon and ni t rogen beams are presented 
and compared t o  t h e o r e t i c a l  predict ions.  These results and t h e  respec- 
tive comparisons are taken t o  ind ica t e  acceptable perfomanCe of t n e  sam- 
p l ing  apparatus. 
l a t e d  t o  hot corrosion s tudies .  
in doped methane-oxygen flames was  character ized and t h e  oxida t ive  vapor- 
i z a t i o n  of metals was s tudied  i n  an atmospheric pressure flowing gas sys- 
t e m  t o  which gaseaus salt p a r t i a l  pressures  were added. 
A high pressure f r ee - j e t  expansion, 
Exper imenta l  s tud ie s  
Condensible high temper- 
Results ate also given for  two groups of experiments re- 
The formation of gaseous sodium s u l f a t e  
INTRCDUCTION 
The apparatus described herein w a s  b u i l t  t o  f a c i l i t a t e  sampling and 
charac te r iza t ion  of gaseous molecular species  from various sources a t  
pressures up t o  one atmosphere. The need f o r  the apparatus derived from 
our des i r e  t o  study ce r t a in  chemical, reac t ions  considered fundamental i n  
the hot corrosion process which can occur i n  gas turb ine  engines ( r e f s .  1 
t o  3). Envisioned experiments would involve the  sampling of  doped flames 
and flowing gas react ion tube systems. Species t o  be d i r e c t l y  i d e n t i f i e d  
and measured would include s t a b l e  gases,  r eac t ive  intermediates  associ-  
a t ed  with flames, and low vapor pressure metal-containing high tempera- 
t u re  molecules. Therefore, p rerequis i tes  for  the  apparatus were: (1) cap- 
ab. i l i ty  of sampling systems at atmospheric pressure,  (2) capaci ty  t o  sam- 
p le  condensible high temperature gaseous spec ies ,  (3) mass spectrometr ic  
detect ion t o  provide d i r e c t  i d e n t i f i c a t i o n  of sampled species  and t o  meas- 
ure their concentration, (4) s e n s i t i v i t y  of p a r t s  pe r  mi l l ion  o r  b e t t e r ,  
and ( 5 )  a b i l i t y  t o  maintain the  chemical and dynamic i n t e g r i t y  of t he  
species  being sampled. 
* 
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Because mass spectrometers are r e l a t i v e l y  l o w  pressure  devices,  the  
apparatus design problem centered on e x t r a c t i n g  a sample from t h e  high 
pressure source and t r a n s f e r r i n g  i t  t o  the  mass spectrometer without 
a l t e r i n g  the  sample's chemical c h a r a c t e r i s t i c s  i n  an unpredictable way. 
Batch and microprobe techniques are precluded f o r  samples conta in ing  
reactive and condensible spec ies .  However, t h e  so-called high pressure  
f ree- je t  expansion sampling technique appedrcd t o  s a t i s f y  our prerequi- 
sites. In  t h i s  technique one samples (continuously o r  i n t e r m i t t e n t l y )  
from high pressure through an o r i f i c e  i n t o  a vacuum t o  produce a super- 
sonic  molecular beam which is compatible with and can be analyzed by a 
mass spectrometer opera t ing  i n  a low pressure  region. This sampling 
technique has been success fu l ly  applied by a number of i nves t iga to r s  i n  
q u i t e  d ive r se  research areas ( r e f s .  4 t o  12 and references c i t e d  the re in ) .  
Our apparatus w a s  designed i n  consul ta t ion  with D r s .  F. T. Greene 
and T. A. Milne of t he  Midwest Research I n s t i t u t e .  The gas sample e n t e r s  
a four stage d i f f e r e n t i a l l y  pumped apparatus through an o r i f i c e  i n  t h e  
apex of the  sampling cone. The gas expands as a f r ee - j e t  i n  t h e  f i r s t  
vacuum s t a g e  and becomes a supersonic "molecular beam." The c e n t r a l  core 
of the%eam is  passed by a conica l  skimmer i n t o  the  second vacuum s t a g e  
where the  beam is modulated by a r o t a t i n g  segmented d isk .  Af te r  passing 
through another d i f f e r e n t i a l  pumping stage the  modulated beam e n t e r s  the  
four th  very-low pressure vacuum s t a g e  and the  ion  source of a quadrupole 
mass spectrometer. 
Detailed eva lua t ion  of the  apparatus we constructed e s t ab l i shed  t h a t  
it s a t i s f i e d  t h e  p r e r e q u i s i t e s  and design criteria. 
successfu l ly  used t o  i n v e s t i g a t e  (1) t h e  formation of sodium s u l f a t e  in 
doped flames and flowing gases a t  atmospheric pressure ( r e f .  131, and 
(2) v o l a t i l e  spec ies  emanation from metal samples exposed at  e leva ted  tem- 
peratures t o  one atmcsphere pressure  of oxygen conta in ing  par t ia l  pressures  
of NaCl(g) and H20(g) ( r e f s .  14 and 15). The sampling apparatus h a s  po:en- 
t i a l  t o  be appl ied  t o  a v a r i e t y  of problems where i t  is d e s i r a b l e  t o  sam- 
p l e  systems a t  pressure up t o  one atmosphere. 
The system has been 
THEORETICAL ASPECTS OF HIGH PRESSURE SAMPLING 
Beam Formation 
When sampling a gas system through an o r i f i c e  t h a t  is not in thermo- 
dynamic equi l ibr ium with the  source gas ,  t h e  o r i f i c e  s i z e  should be so 
se lec ted  t o  in su re  t h a t  the  sample represents  t he  bulk source gas and not 
a stagnant boundary l aye r  near t h e  o r i f i c e .  For o r i f i c e  Knudsen numbers, 
bo, less than about boundary layer  e f f e c t s  are  
( r e f s .  16 and 1 7 )  and therefore  the o r i f i c e  diameter, D , should be s i zed  
t o  s a t i s f y  t h e  c r i t e r i o n  €o r  the  source gag and condi t icns  
of pressure, Po, and temperacure, To. 
l a t e d  t o  the o r i f i c e  diameter through the mean f r ee  path length ,  XC,, of 
the source gas molecules ( r e f .  181, i . e . ,  
Kno r: The o r i f i c e  Knudsen number is re- 
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When gas k s  through an o r i f  ce i n t o  a -3wer pressure  region, t h e  
type of  gas flow (e f fus ive ,  t r a n s i t i o n a l ,  s l i p ,  o r  continuum) is d i c t a t e d  
by the  value of KOo. For bo 10-2 the  source gas expands i n t o  t h e  
low pressure  region by contiuuum flow ( r e f .  1 7 ) .  
supersonic j e t  i f  t h e  'p ressure  r a t i o  . across  t h e  o r i f i c e  is greater than 
about two f o r  most gases ( r e f .  19). . (For  most beam systems t h e  pressure  
r a t i o  is usua l ly  made as high as p r a c t i c a l ,  ,lo4, t o  minimize s c a t t e r i n g  
by background gas i n  t he  low pressure region.) 
"free-jet" i f  t h e  o r i f i c e  has no flow c o n t r o l l i n g  c o n s t r a i n t s  on its down- 
stream side .  Because a f i n i t e  pressure  e x i s t s  i n  the  l o w  pressure  region, 
the  supersonic flow f i e l d  is bounded by a shock system c o n s i s t i n g  of a 
b a r r e l  shock and a Mach d i sk  or normal shock . f ront .  The flow f i e l d  and 
shock system are shown schematically in f igu re  1. 
the  shock system has been s tudied  by Bier and Schmidt ( r e f .  20 and re f -  
erences c i t e d  the re in )  who showed t h a t  t hese  parameters are a function of 
the  pressure  r a t i o  across  the  o r i f i c e .  Ashkenas and Sherman ( r e f .  21) 
have e s t ab l i shed  t h a t  the  loca t ion  of the  Mach d i s k  is independent of t he  
source gas proper t ies .  The loca t ion  of t h e  Mach d i sk  is given by t h e  
equation 
The flow produces. a 
The expansion is termed 
The s i z e  and shape of 
% 0 0.67 Do ( P j ' *  p 
where 
the hach d isk  and P i  
o r f f i c e .  Thus we see t h a t  t he  higher the  pressure r a t i o ,  t h e  f u r t h e r  
dawnstream the  j e t  proceeds before being in t e r rup ted  by the normal shock. 
XM is the  d i s t ance  downstream from the  o r i f i c e  t o  the  plane of 
is the  pressure i n  the  region downstream of the  
Continuum Flow Beam Gas History 
The gas h i s t o r y  (time o r  distance-temperature-pressure-density rela- 
t ions)  of a free-jet expansion can be approximated as an i s e n t r o p i c  ex- 
pansion where the  gas leaves the  source as a c l a s s i c a l  bulk f l u i d  charac- 
t e r i z e d  by thermodynamic parameters. In the  continuum flow region mole- 
cules c o l l i d e  w i t h  each o the r  i n  such a way t h a t  t he  mass flow becomes 
highly d i r ec t ed  and forms a j e t .  In t h e  flow process the random thermal 
anergy (enthalpy) of t h e  c o l l i d i n g  gas molecules is converted t o  d i r ec t ed  
k i n e t i c  energy and ad iaba t i c  cooling of t h e  gas takes place.  As t h e  ex- 
pansion proceeds downstream, the  j e t  dens i ty  and temperature decrease 
u n t i l  a region is reached where c o l l i s i o n s  become so infrequent t ha t  essen- 
t i a l l y  c o l l i s i o n l e s s  flow p reva i l s .  In t h i s  near ly  c o l l i s i o n l e s s  f l o w  
regime a supersonic molecular beam is formed. 
4 
A knowledge of the  aerodynamics of t he  supersonic beam is necessary 
if one expects  t o  es t imate  the t i m e  involved i n  the beam formation process  
and t h e  gas his tory .  Extensive research by nunerous inves t iga t ive  groups 
has es tab l i shed  an almost complete understanding.of t he  aerodynamics. 
Excellent reviews and de ta i l ed  analyses are contained i n  the  l i t e r a t u r e  
( refs .  19, 2 1  t o  25 and references c i t e d  the re in ) .  Our ana lys i s  of the  
beam formation process as presented here is not intended t o  s tar t  with 
first p r inc ip l e s  o r  be a l l  inclusive.  Instead we  w i l l  dea l  only with 
those aspec ts  needed t o  provide a general  background f o r  understanding 
the general  p r inc ip l e s  of the sampling system. 
The one-dimensional compressible flow ana lys i s  of a pe r fec t  gas with 
complete re laxa t ion  (equi l ibr ium),  as provided by f l u i d  mechanics ( r e f .  261, 
y i e lds  the  fundamental i s e n t r o p i c  expansion equat ions r e l a t i n g  the  expanded 
gas prope r t i e s  t o  the  flow Mach number, M, and the  source gas p rope r t i e s  
The dens i ty  n ,  pressure P ,  and temperature T refer to  source condi- 
t ions  when subscr ipted by zero and t o  expanded gas  condi t ions a t  ?1 when 
not subscr ipted.  TLe s p e c i f i c  heat r a t i o  f o r  the gas is  denoted by y. 
For incomplete re laxa t ion ,  an e f f e c t i v e  y may be used. 
Mach number i s  defined as t h e  r a t i o  of the loca l  flow ve loc i ty ,  V ,  t o  t h e  
l o c a l  speed of sound i n  the f l u i d ,  c ,  i . e . ,  
V = - 
C 
(7 )  
Ashkenas and Sherman ( r e f .  21 )  have derived an expression r e l a t i n g  
the cen te r l ine  flow Mach number t o  the d is tance  X downstream i n  t h e  
expansion from the o r i f i c e .  Their expression i s  
M = A 
5 
where A and ( /D ) .are constant8 whose value depends on y as shown 
in Table I. F r k  eauat ion (8) it is seen t h a t  i t  is convenient t o  express  
d is tance  downstream from t h e  o r i f i c e  i n  terms o f  o r i f i c e  diameters (X/qO). 
For d i s t ances  (X/D ) > 
bY 
t h e  centerline Mach number can be approximated 0 
f o r  values of v = 5/3. 7/5. or 917. For Mach numbers large i n  comparison 
t o  uni ty ,  Knuth.(ref. 27) suggests  t h e  following equat ion f o r  a l l  s p e c i f i c  
heat r a t io s :  
While Ashkenas and Sherman's expression (eq. (8))  has been shown 
experimentally t o  be q u i t e  accura te  a t  seve ra l  o r i f i c e  diameters down- 
stream (refs .  21 and 28), i t  has been shown ( r e f .  28) and is  now recog- 
nized t h a t  t h i s  equation does not  apply i n  the t ransonic  region near  t h e  
o r i f i c e ,  The t ransonic  flow problem is s t i l l  unsolved but  cha tac te r iza-  
t i o n  of this flow has been approximated by var ious s ink  flow models 
(refs. 25 and 29), by ex t r apo la t ion  of Ashkenas and Sherman's results 
(ref.  30), and by empir ical  expressions derived from experimental  meas- 
urements ( re fs .  19 and 31). We have chosen t o  charac te r ize  the  flow from 
the  subsonic region upstream of  the  o r i f i c e  t o  the  hypersonic region down- 
stream by smoothly ex t r apo la t ing  equat ion (8) f o r  M < 4 while  assuming 
sonic flow (M = 1) a t  t h e  o r i f i c e  plane. Although t h i s  ex t r apo la t ion  is 
not  based on a phys ica l  model, we bel ieve  t h a t  t h e  r e s u l m  are an adequate 
approximatiqn f o r  our purposes. 
The ex t rapola t ion  is performed by f i t t i n g  t h e  Mach number of a t h i r d  
degree polynomial i n  (X/Do). The polynomial 
n . 
M = a. + a,(X/DO) + a2(X/Do)L + a3(X/Do)3 
w a s  f i t  i n  two ranges of (X/Do)  by spec i fy ing  c e r t a i n  condi t ions f o r  each 
the  d is tance  f o r  M 6 4 as ca lcu la ted  by equation (8). In t h i s  range 
the spec i f i ed  condi t ions were: (1) the  flow is  choked by the o r i f i c e ,  i . e . ,  
M = 1 at (X/Do) = 0 ;  (2) a poin t  of i n f l e c t i o n  e x i s t s  a t  t h e  o r i f i c e ,  
i.e., a t  (X/Do) = 0 the second de r iva t ive ,  d2M/d(X/D0)2, is zero: ( 3 )  at  
M = 4 the  polynomial and equation (8) co l loca te .  : i I r  f : ~  j i ' ' 4 thc 
polynomial and equation (8) have the same slope.  Inspection of t h e  poly- 
nomial r evea l s  t h a t  condi t ion (1) sets 
f i x e s  a2 - 0,000. 
range. The f i r s t  range w a s  0 1. (X/Do) 1. (X/Do)Mp4 where (X/DolMp4 is 
a. = 1.000 and condition ( 2 )  
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The second range fo r  f i t t i n g  the  polynomial extended from (X/Do) - 0 
t o  so- d i s t ance  upstream from the  o r i f i c e  designated (X/DO), which is 
the  root  of the  polynomial fo r  t h e  second range. 
f o r  f i t t i n g  i n  t h i s  range were: (1, the  flow is choked by the o r i f i c e ,  
(2) t he  polynomials f o r  t h e  f i r s t  and second range co l loca te  a t  t he  o r i -  
f i c e ,  (3) t he  polynomials have equal s lopes  at  the o r i f i c e ,  (4) t he  sec- 
ond polynomial has  an i n f l e c t i o n  poin t  a t  the  o r i f i c e ,  and ( 5 )  a t  (X/Do), 
the s lope  is zero. 
Conditions spec i f i ed  
For al l  condi t ions spec i f i ed ,  the  following general  polynomials 
requl t  f o r  t he  two ranges 
Range 2:  M = 1 + al(X/DO) - 27 1 a3tX/D0) '3 (13) 
The root  of the second polyncmial is ( X i D O ) r  = - - 
2a' 
obtained f.?r y = 5/3 ,  7 / 5 ,  and 917 a r e  presented i n  Table 11, The poly- 
nomials and equation ( 8 )  were used t o  c a l c u l a t e  the  Mach-&umber aga ins t  
d i s tance  p l o t s  shown i n  f igure  2 .  These curves show, as'- i n i t i a l l y  
assumed, t h a t  t he  gas expansion ac tua l ly  begins s l i g h t l y  upstream of the  
o r i f i c e  and t h i s  is i n  s u b s t a n t i a l  agreement with experimental  measure- 
ments and r e s u l t s  obtained by o ther  approximations, 
and the polynomials 
The r e s u l t s  presented i n  f igure  2 provide a charac te r iza t ion  of the 
aerodynamics of the free- je t  expansion which can  be used t o  estimate the  
gas h is tory .  The hydrodynamic flow ve loc i ty  i s  given by 
d(X/DO) 
V = M C ; D  -- 0 dt (14) 
and the  speed of sound is a furiction of the  loca l  gas temperature,  T ,  and 
molecular weight,  h! ( r e f .  18 \ ,  
where 
mol''). 
can be expressed i n  terms of t h e  source gas temperature (by eq (5)) giving 
R is the gas constant (8,3103 J L-'-m:i-* - r  8.3j43~10; erg K-l 
For t h e  i sen t ropic  expansion the loca l  gas temperature of the  je t  
or 
7 
c = coE + (’ ’’ Ma I,’, 
where co is the  speed of sound i n  the  source gas. From equat ions f14)  
and (17) i t  follows t h a t  
Integration of t h i s  equat ion y i e l d s  th2 time-distance p r o f i l e  f o r  the 
expanding gas. 
tion (18) f o r  t he  s p e c i f i c  hea t  r a t i o s  5/3, 7 1 5 ,  and 917 are shown i n  
f igu re  3. In t h i s  f i gu re  time is p lo t t ed  as t h e  dimensionless flow t i m e  
parameter and d i s t ance  is sca led  i n  terms of o r i f i c e  diameters.  
The p r o f i l e s  obtained by numerical i n t eg ra t ion  of equa- 
cOt/Do 
Combining the  d a t a  of  f igu res  2 and 3 with the  appropr ia te  i s en t rop ic  
expansion r e l a t i o n s  (eqs. (3) t o  ( 6 ) )  allows one t o  determine the  tempera- 
ture, densi ty ,  or pressure a t  any point  or time i n  the expansion. These 
var ious r e l a t i o n s  are shown graphica l ly  i n  f igures  4 and 5 where the  
parameters r a t ioed  t o  source condi t ions a r e  p lo t t ed  against  time and d is -  
tance, respec t ive ly .  While these  f igures  c l e a r l y  ind ica t e  t h e  r ap id i ty  
of the expansion, a amre t ang ib le  apprec ia t ion  of the  t i m e  involved can 
be obtained by consider ing an a c t u a l  gas on a real time b a s i s .  The ex- 
pansion h i s t o r y  of argon source gas expanding through a 0 025 cent imeter  
diameter o r i f i c e  i s  shown i n  f i g u r e  6. Here we. see t h a t  major reductions 
In temperature, dens i ty ,  and pressure take place i n  only a f e w  microsec- 
onds. This f ea tu re  of the  free-jet expansion accounts fo r  the applica- 
b i l i t y  of t h i s  technique Lc? sampling (refs. 29 and 3 2 ) .  
Beam Gas History Beyond Continuum Flow Region 
From t h e  preceding d iscuss ion  one might i n t u i t i v e l y  presume tha t  a t  
s u f f i c i e n t l y  l a r g e  d is tances  from the  jet  source the  densi ty  becomes so 
low t h a t  t he re  are e s s e n t i a l l y  no c o l l i s i o n s ,  Theoret ical  and expeiimental 
s tud ie s  have shown t h a t  there  is a l imi t ing  region i n  the  flow f i e l d  beyond 
which f u r t h e r  cool ing and acce lera t ion  a r e  precluded by the r a re f i ed  nature  
of t he  flow ( re f .  19) .  Thus the re  is a t r a n s i t i o n  from t h e  c o l l i s i o n  dom- 
ina ted  continuum flow t o  a nea r ly  c c l l i s i o n l e s s  molecular flow regime. Ex- 
tens ive  e f f o r t  has been d i rec ted  t o  understanding t h e  t r a n s i t i o n  f l c w  
regime and as pointed out by Anderson ( r e f .  19) t h e r e  is a hierarchy of 
theor ies ,  This hierarchy is based cn the degree of accuracy and d e t a i l  
provided by the theor ies .  The d i r e r t  s imulat ion Monte Cdrlo methid as 
appl ied by Bird ( r e f .  33)  has provided an almost complete understanding o f  
the t r a n s i t i o n  flow regime but a de t a i l ed  ana lys i s  of t h i s  tegime i s  beyond 
the  scope of our presenta t ion .  For our purposes i t  i s  only necessary t o  
comprehend rertein aspects  of t ransi t - ion flow. Tc t h i s  end we w i l l  con- 
s i d e r  a s impl i f ied  treatment which  h a s  proven t o  be adequate for pred ic t ing  
some je t  proper t ies  
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Anderson and Fern ( r e f .  34) measured ve loc i ty  d i s t r i b u t i o n s  of molec- 
ular beams ex t rac ted  from free jets. They found t h a t  t he  t r a n s i t i o n  Eb 
f r e e  molecular flow could for  convenience be compared t o  phenomenon occur- 
r ing i n  e f fus ive  flow. For e f fus ive  flow the ve loc i ty  d i s t r i b u t i o n  i n  the  
axial d i r ec t ion  does not change with increas ing  d is tance  from the  molecu- 
l a r  beam source.  The axial ( p a r a l l e l )  moleculai- ve loc i ty  d i s t r i b u t i o n  is 
thus s a i d  t o  be "frozen in." Conversely, the r a d i a l  (perpendicular)  d i s -  
t r i b u t i o n  approaches zero with increas ing  d is tanae  from the  source.  (This 
is a consequence of t he  f a c t  t h a t  the  molecules t r a v e l  i n  s t r a i g h t  l i ne  
paths  and t he re  are no c o l l i s i o n s , )  For t h e  e f fus ive  source the  d is t r ibu-  
t i on  of v e l o c i t i e s  is an i so t rop ic  with a wide d i s t r i b u t i o n  i n  rhe p a r a l l e l  
d i r ec t ion  and a narrow d i s t r i b u t i o n  i n  the  perpendicular  d i r ec t ion .  
For continuum flow the  d i s t r i b u t i o n  of v e l o c i t i e s  is i s o t r o p i c  wi th  
equal  p a r a l l e l  and perpendicular d i s t r i b u t i o n s .  No f r eez ing  o f  t he  par- 
a l le l  d i s t r i b u t i o n  takes  p l ace  i n  continuum f l o w  and t h e  ve loc i ty  spread 
of the  d i s t r i b u t i o n  dec-eases with increas ing  d is tance  from t h e  j e t  source. 
In  consider ing expanding source flow i t  is usefu l  t o  def ine  a par- 
These are allel  temperature,  T I  I ,  and a perpendicular  temperature,  TL. 
the  temperatures of $ '  two-dimensional Maxwellian d i s t r i b u t i o n  funct ion 
which descr ibes  the l o c a l  d i s t r i b u t i o n  of molecular speeds i n  the  r a d i a l  
d i r ec t ion  and i n  a d i r ec t ion  perpendicular t o  the r a d i a l  d i r ec t ion .  For 
continuum flow where the  speed d i s t r i b u t i o n  is  i s o t r o p i c ,  TI = T I L .  The 
t r a n s i t i o n  flow problem then can be considered as one of determin ng how 
TI I and TI vary i n  the  expansion as the  t r a n s i t i o n  regime is passed 
through. 
Terminal Mach Number 
In the  "free molecular flow" region of a f ree- je t  expansion Anderson 
and Fenn ( r e f .  34) showed tha t  a f reez ing  of t h e  p a r a l l e l  d i s t r i b u t i o n  
occurred. They found nonisot ropic  d i s t r i b u t i o n s  where the  perpendicular  
d i r ec t ion  had a narrower d i s t r i b u t i o n  width than t h a t  of the p a r a l l e l  
d i r ec t ion .  Their model of t h e  t r a n s i t i o n  regime yielded an expression 
f o r  a terminal Mach number, MT, t h a t  was i n  s u b s t a n t i a l  agreement w i t h  
t h e i r  experimental  observat ions and those from other  l abora to r i e s .  The 
terminal Mach number expression w a s  derived by consider ing the  point  i n  
the  expansion beyond which t h e  temperature cannot change as rapidly as 
required f o r  i s en t rop ic  continuum behavior. The Mach number at  t h i s  po in t ,  
MI, represents  the value where c o l l i s i o n  domination of the j e t  flow ceases.  
The terminal Mach number then represents  t he  asymptotic value which the 
Mach number approaches a r  i n f i n i t e  d i s tances  downstream from t h e  source.  
Andersol? and Fenn's terminal Mach number can be expressed jn t he  general-  
ized form 
where A is  t h e  constant i n  Ashkenas and Sherman's Mach number expression 
Ipdersclp and Zenn's eqeringQtal data f o r  
t h e  rollision e f fee t tveness  of E = 0.25. Their equation far Ma cam b 
r q r e e s e d  i n  the  genera l ioed  farm 
Y o 513 yielded a vel- fot 
e 
anid t h e  d i s taxe  flrorn t h e  source o r i f i c e  t o  where M 1  
c d c d a t e d  from equation ( 8 ) .  
is veached can be 
Beam l n t e n s i t y  
Thus f a r  i n  our a n a l y s i s  of the beam formation process no t ans idera-  
t i o n  has bean given t o  the question of beam i n t e n s i t y .  
point of view, i n t e n s i t y  is a key patameter i f  f r e e - j e t  expansion tech- 
rhques are t o  be used i n  sampling. 
beam source,  t he  maximum at  t a i a a b l e  in tensf  t y  i n  the  coll imated mo1ecult-u 
beap is l imi t ed  by two f a c t d r s  f o r  any given oven tcmperatuze. 
f ac to r s  are: 
f a c t o r s  involved i n  obtaining a collimated bean from t h e  rendom i n i t i a l  
v e l o c i t i e s  of t he  e f fus ing  molecules. Kantrowitz and Grey ( r e f .  35) sug- 
gested t h a t  these  l imi t a t ions  could be ove tcwe  by placing a c o l l i m a t l l y  
element i n  the  floq&from a sonic  nozzle. Their analysAs indicated.  t h a t  
the mass motion from a sonic o r i f i c e  provides an i n i t i a l  co l l imat ion  which 
Impmoves the  flow rate and geometrical f a c t o r s  so t h a t  B net  beam i n t c n s b  
f i a a t i o r  results. Their work provided much of t he  impetuo for develolpta9nt 
of t h e  f r e e - j e t  expepsion &ompling technique. 
Prom a pracSlea l  
With a conventional e f f u s i v e  o t  oven 
These 
(1) the  e f fus ion  through the  o r i f i c e  and (2 )  geome%rlcd 
(a) Contimuum Flow at t h e  Skimmer 
Tho Kantrowitz and Grey ana lys i s  is based on €our c r i t i c a l  ass-- 
t i ons :  (1) t h e  continuum flow f i e l d  eytends t o  the f i r s t  co l l ima t ing  ele- 
r e n t  (hareafter ca l l ed  t h e  shkrmer); (2)  tk continuum flow is i s e n t m p i c ;  
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(@ Um fLou at the skirmner I s  p a t a l l e l  and undisturbed by t h e  presence 
of &he skimmet; &, (4) ttp flow dolpl6rream from the sklmmu- i e  collision- 
k s s .  
of the random m o l e c d a t  thermal veloci ty  i n  t h e  d i t e c t i o n  of t h e  mass 
flow. M t r o w i k  cud Grey der ived expressions for  t he  ve loc i ty  d i s t t i b u -  
B cion imd "precollimation gain" i n  beam i n t e n s i t y .  Parker e t  a l .  (ref. 36) 
d e  & s l m i l a r  ana lys i s  without making the  mathematical s i m p l i f i c a t i o n  of 
qAecti/ng t!he random thermal ve loc i ty  component p a r a l l e l  t o  t h e  beam. 
For Mach numbers g r e a t e r  than th ree  the  r e s u l t s  of both analyses are 
e e s r n t i o l l y  the  same. 
On t h e  b a s i s  of t hese  a s sum~t ions ,  and by neglec t ing  t h e  componed 
The axial d i f f e r e n t i a l  number deiisity can b 2  ewressed  as 
r 7 
vhara u 5s tb molecular ve loc i ty ,  V is the flow v e l o c i t y ,  and a is 
thr nost probable thermal v e l o c i t  a t  t he  t r a n s l a t i o n a l  temperature T 
which is givon by the i s e n t r o p i c  h o w  r e l a t i o n  (eq.  ( 5 )  ) .  The most prob- 
able veloc i ty  of t he  suBersonic molecular beam, amp, is  obtained by deter-  
mining t h e  maximum f o r  t h e  d i s t r i b u t i e  given by equation (24),  
Thus it is appasont t h a t  fo r  t h e  supersonic beam the d i s t r i b u t i o n  is nar- 
6<irower than t h e  MiKwcll ian d i s t r i b u t i o n  f o r  an e f f u s i v e  beam where b! = 0 0 :  
and V = 0. 
velocities and become narrower as M increases .  At the  limit of i n f i -  
nite Mach mwber the  d i r t r i b u t i o n  is monoedrgetic with ve loc i ty  
Also, the s tpersonic  d i s t r i b u t i o n  *s seen t o  move t o  higher  
V. 
The t h e o w t i c a l  equation for  t h e  cen te r l ine  f l s x  a t  a de tec to r ,  
locatsd a dis tance  R downstream from the skimmer, derived by Parker  
al. is given by 
e t  
- .,2 \7 
+ v 4 ) l l  + erfjbM2/2) + /2/un ( 2  + iMZ)exp(- $) 
8 6 --J (26) 
[ l  + ( v  - 1,M2/211'2 
where ns is tho dens i ty  a t  t h e  skimmer, A, is t he  area of t he  skimmer 
o r i f i c e ,  and M, is the Mach number a t  t h e  skimmer "his equation is 
b a d  on the  four i d e a l i z a t i o n  assumptions of Kantrowltz and Grey. For 
M, > 3, t h e  c e n t e r l i n e  flux a t  the de t e r to r  ran be appr,>ximated by 
f 
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o r  
(Y$ + 3) 
nsAsVs Jd -2 2lTa 
where V, is t h e  flow ve loc i ty  a t  t he  skimmer. 
Because t h e  mass spectrometer d e t e c t o r  used i n  our apparatus is a 
densi ty  s e n s i t i v e  device,  w e  are concerned with de tec tor  s i g n a l s  which 
are proport ional  t o  number density.  In  terms of number dens i ty  a t  t h e  
detector ,  nd3 equation (28) can be expressed as 
n t- (yM: + 3) 
2 2lTR 
Knuth (ref .  25) and Anderson e t  al. ( r e f .  34) recognized t h a t  beam 
divergence would e f f e c t  beam i n t e n s i t y  a t  t he  de tec tor  and derived equa- 
t i o n s  to  account f o r  divergence. Their ana lys i s  again assumes continucrn 
flow t o  the  skimmer and c o l l i s i o n l e s s  flow downstrsclm from the  skimmer. 
For the usua l ly  encountered experimental- case where the o r i f i c e  t o  skimmer 
dis tance,  X, is much smaller tbsir the skimmer t o  de tec tor  d i s tance ,  11, 
Knuth der ives  the d i s t r j b a c i o n  
2 
U 
a 
dn 
cos 8 s i n  8 d$ 3 exp 
"S 
where Ss = %m and P is the half angle subtended 
a t  the  source as shown i n  f igu re  7. When equation (30) 
by t h e  skinrmer 
is in tegra ted  over 
a l l  v e l o c i t i e s ,  u 5 0 t o  u-= m, and over -$ from 0 tcc 6, a general  
equation f o r  t h e  number densi ty  a t  t h e  de tec tor  r e s u l t s  
For small skimmer openings and high Mach numbers a t  the skimmer, i . e . ,  
cos 13 ; 1, Ss cos 0 >' 1 and 2s: > '  1, equation (21) can be  reduced t o  
the  more t r a c t a b l e  approximate form 
3 2 2 "d n 8 (5r a. [l - COY 6 exp(-S, s in2$)  (32) 
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I f  p a r a l l e l  flow to the skimr is 
neglected) SO that sin 8 = 8 aad cos 
grated to  give 
assumed (i.e., i f  divergence is 
8 = 1, equat ion (30) can be  in t e -  
-. 
Equations similar to  ( 3 2 )  and ( 3 3 )  have been deriwed by Leby and 
Covers ( ref .  3 7 ) ,  Ha&@na and Morton (ref .  38). An&rsm (ref.  191, and 
French ( ref .  39). 
ized" t h e o r e t i c a l  dens i ty  at the detector f o r  t h e  case where t h e  sklmmer 
i s  placed close enough to the source o r i f i c e  t o  be in t h e  continuum f law 
f i e ld .  In practi& hememir, t h i s  case is usual ly  avoided f o r  bigb pres- 
su re  sampling systems. Generally the  shimr is posi t ioned r e l a t i v e l y  
f a r  from the o r i f i c e  to  provide adequate pllsping i n  t h i s  region m d  to 
reduce ski-r interference.  (Usually the e-rinenter PeaSures i n t e n s i t y  
as a funct ion of  4s 
EEperileental considerat ioas  thus d i c t a t e  t h e  necess i ty  f o r  having skissrer 
t o  o r i f i c e  d is tances  s u f f i c i e n t l y  large t o  preclude continuum f l a w  to the 
sld-r. Therefore we must now e d n e  t h e  case he re  the  t r a n s i t i o n  
from continuum flow takes place upstream of the  ski-r. 
The above equat ions caa be used LO calculate an "ideal- 
to f ind  where the  exper inenta l  maxiur occurs.) 
(b) Transition Flow Upstream of the Skimmer 
Dawnstream from the m e t  of t r a n s l a t i o n a l  f r eez ing  a r e l a t i v e l y  
broad ve loc i ty  d i s t r i b u t i o n  is found in t h e  r a d i a l  d i r e c t i o n ,  and t h i s  
g rea t ly  inf luences the  axial beam i n t e n s i t y  at the de tec tor .  Experimental 
determinations of show a dependence on o r i f i c e  t o  skimmer d is tance  
which I s  intermediate  between the c o l l i s i o n  dominated form Tl 
(Ti= TI1 Q: X;") and t h a t  expected i n  the  f r e e  molecular limit (TL e). 
The var i a t ion  of 
a t t r i b u t e d  t o  the  removal of c o l l i s i o n  pa r tne r s  from t h e  beam core caused 
by the r e l a t i v e l y  l a rge  transverse v e l o c i t i e s  imparted by c o l l i s i o n s  a f t e r  
the onset of t r ans l a t iona l  f reezing ( r e f .  40). 
TL with downstream dis tance  from the o r i f i c e  has been 
Iianrel and W i l l i s  ( r e f .  41) presented a physical  explanation of the  
s i t u a t i o n  which is usefu l  t o  follow. As the  bas expands TI decreases 
due t o  the  geometrical e f f e c t  of the  source f low spher ica l  expansion but  
in the  c o l l i s i o n  dominated range energy is t r ans fe r r ed  between t h e  par- 
allel and perpendicular modes of motion because T I /  The c o l l i s i o n a l  
dra in  of energy cools  TI I so In  the  c o l l i s i o n  dominit:helimft TI I * 3 
and these temperatures vary i n  proportion t o  the rec iproca l  of the  d is tance  
from the o r i f i c e  t o  the 4 /3  power. Tl 
still decreases due t o  geometric expansion but c o l l i s i o n a l  cool ing of ?'/I decreases and eventual ly  f reezes .  A r e l a t i v e l y  small c o l l i s i o n a l  t r a n s f e r  
of energy still  takes  place a f t e r  t r a n s l a t i o n a l  f reez ing  occurs but be- 
cause T I I  >> T. t h i s  has a small e f f e c t  on Tlr but a d i sce rn ib l e  e f f e c t  
As c o i l i s i o n s  become less frequent 
1- 
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00 the perpendicular temperature and 
the f r e e  olecular case. Thus collisions are more e f f e c t i v e  i n  t h e  rare- 
f i ed  reg iae  i n  i n h i b i t i n g  t h e  decay of T1. Therefore, Ti does not de- 
cmsise as the  rec iproca l  of dis tance  squared as expected i n  t h e  f r e e  
mlecular l i m i t .  
Tl does not  decay as expected in 
Prom t he  preceding d iscuss ion  we can see that the beam core does not 
becoae collisionless and t h i s  e f f e c t s  the i n t e n s i t y  at the detector. 
SClarszr e t  al. ( ref .  42) and Leiby et al. ( re f .  40) give the  express ioa  
for the dens i ty  at t h e  detector as 
where Sls 
flow speed divided by the  most probable random speed perpendicular to  the 
flow veloc i ty  at the  s k i m e r ,  In the de r iva t ion  of e q w t i o a  (34) f t  was 
assured t h a t  X, ~c P, s i n  0 = 8 and cos 0 = 1. Remembering t h a t  
where rs is the rad ius  of t he  
skisiPer opening, equation (34) can e w r i t t e n  as 
is t he  perpendicular speed r a t i o  at the  skhmer ,  i.e., the 
S = M m  and approximating 0 = r g / X  8' 
b k  shall use t h i s  equation t o  calculate idea l i zed  t h e o r e t i c a l  densities 
because i t  is r e l a t i v o l y  easy to apply and because the  comparisons ma& 
by LeRoy and Covers ( r e f .  37) i nd ica t e  t h a t  i t  is a reasonable approxima- 
t i o n  f o r  our  purposes. 
When using equation (35) we use two d i f f e r e n t  methods of d e t e r d n i n g  
klh. second method is based on expressions derived by Sharma et al. ( r e f .  42)  
from co r re l a t ions  with experimental data .  
t o  our e x p e r i m n t a l  condi t ions,  y i e lds  t h e o r e t i c a l  d e n s i t i e s  which are 
about th ree  times g r e a t e r  t h a n  our experimentally measured d e n s i t i e s .  
However, the  second method p red ic t s  t h e o r e t i c a l  d e n s i t i e s  which are in 
good agreement with our experimental aeas . remnts .  
The first method is based on a sudden f reeze  approximation while  t he  
The f irst  method, when appl ied 
n43 
(1) Sudden Freeze Approximation f o r  
For t h i s  method the expansion is assumed t o  be i s en t rop ic  t o  some 
dis tance ,  %, downstream from the  o r i f i c e .  
d i s tance ,  X,, is grea te r  than $, the  Mach number at % is taken as 
the  terminal Mach number, i.e., MT = %, and 
When the o r i f i c e  t o  skimmer 
'Ibis use of #r is equivalent  t o  assuming continuum flow upstream of % 
d arolecular flow downstream from t h i s  pc in t .  
follows t h a t  T A / ~  - (X$%)*, where Tq is the  t r a n s l a t i o n a l  tempera- 
ture at #s calc a t e d  m m  i s en t rop ic  r e l a t i o n s ,  and 
With t h i s  assumption it 
At X the dens i ty  n is ca lcu la ted  from 
q q 
and t he  dens i ty  at: the skimmer is assumed t o  decrease according to  
Therefore, the idea l ized  dens i ty  a t  the  de t ec to r  can be ca lcu la ted  f o r  a 
given system g e m t r y  and source gas condi t ions,  i .e . ,  given &, II, Do, 
f** Y, nos Po, a d  To. 
L, (2) Experimental Correlat ions f o r  M 
Sharma et  al. ( r e f .  4 2 )  c o r r e l a t e  experimental results f o r  monatomic 
gases ' t o  obtain equations f o r  ca l cu la t ing  Mis. The da ta  on perpendicular 
temperatures ind ica t e  tha t  t h i s  temperature decreases as though t h e  expan- 
sion were i s en t rop ic  t o  a t r a n s i t i o n  point  located severa l  times as far 
f r o m  the  source as is the  point at which 
i s en t rop ic  expansion. The dis tance  downstream 
t h i s  t r a n s i t i o n  point is given by 
T I ;  
0 
D 
begins t o  devia te  f o r  an 
from the  source o r i f i c e  t o  
(40) 
where T is the  c h a r a c t e r i s t i c  time for  t r a n s l a t i o n a l  re laxat ion of the 
gas spec P es as given by 
(41) 
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Here a is t h e  c o l l i s i o n  diameter and M is t h e  molecular weight of  t he  
source gas a t  temperature T and with dens i ty  n . From t h e  argon jet  
d a t a  of Habets et al .  ( r e f .  h), who found Si = X9R (where R is a f m c -  
tion of source condi t ions) ,  Sharma et al .  develop the  expression 
For the  second method ca l cu la t ious  equation ( 4 2 )  is used t o  ob ta in  the  
value of M i s  used i n  equation (35) and n, is ca lcu la t ed  exac t ly  the 
same as f o r  method one. 
APPARATUS 
k r  high pressure m a s s  spectrometric sampling apparatus is shown i n  
f igu re  8. 
t o  consider t h e  e n t i r e  system b r i e f l y  i n  general  terms. 
Before proceeding with a d e t a i l e d  desc r ip t ion  i t  is i n s t r u c t i v e  
A schematic c ross -sec t iona l  view of the  beam path por t ion  of  t he  sam- 
p l e r  is shown i n  f igu re  9. The atmospheric pressure  gas t o  be sampled 
e n t e r s  the  system through the sampling o r i f i c e  loca ted  a t  the  bottom of 
t he  v e r t i c a l  configuration. For sampling o r i f i c e  Knudsen number less 
than the  gas expands i n t o  s t a g e  I as a f r e e  . Stage I vacuum 
o r i f i c e .  The conica l  skimmer i n t e r c e p t s  t h e  gas flow and passes the  cen- 
t ra l  portion or core of the  flow i n t o  s t a g e  I1 where t h e  core is per iodi -  
c a l l y  i n t e r rup ted  by a toothed r o t a t i n g  d i sk  beam chopper. 
s t a g e  I1 is less than 10-5 t o r r .  
d i f f e r e n t i a l  pumping vacuum chamber through a co l l imat ing  aper ture .  
su re  in s t age  I11 is less than t o r r  The beam e x i t s  from s t a g e  I11 
through another aper ture  and passes i n t o  s t a g e  IV and the  i o n i z e r  of t h e  
quadrupole mass spectrometer. Pressure i n  s t a g e  IV is less than t o r r .  
Ions formed i n  the  e l ec t ron  bombardment i o n i z e r  are e l e c t r i c a l l y  focused 
and t ransmi t ted  t o  the  quadrupole mass f i l t e r .  Selected ions  transmitted 
by the  f i l t e r  are e l e c t r i c a l l y  de f l ec t ed  i n t o  the of f -ax is  e l e c t r o n  multi- 
p l i e r  whose output is e l e c t r o n i c a l l y  monitored. Thus a gas sample at  high 
pressure is continuously t r ans fe r r ed  t o  the  low pressure  mass spectrom- 
eter where t h e  gas is  analyzed on the  b a s i s  of t he  mass-to-charge r a t i o  of 
i t g  cons t i tuents .  Maintaining the  f i d e l i t y  of t he  sample depends on spe- 
c i f i c  design parameters of t he  apparatus. 
s idered  i n  d e t a i l  f o r  the  various components of the  apparatus. 
pumping maintains pressure r a t i o s  g r e a t e r  than 10 3"' across  the  sampling 
Pressure i n  
The chopped gas beam e n t e r s  t h e  s f age  111 
Pres- 
These parameters w i l l  be con- 
Vacuum Systems 
Plan views of t h e  s t ages  I through I V  vacuum chambers a r e  shown i n  
f igure  10 where t h e  l e t t e r s  designate flanged po r t s .  This por t ion  of  t h e  
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apparatus was designed i n  consul ta t ion  with Drs. F. T. Greene and T. A. 
Milne of t h e  Midwest Research I n s t i t u t e .  The vacuum chambers, skimmer, 
beam col l imator ,  and chopper assembly were constructed under con t r ac t  by 
the Midwest Research I n s t i t u t e .  
All vacuum chambers are constructed of s t a i n l e s s  s teel ,  mechanical 
pump lines are copper, O-rings are Viton, i on iza t ion  gage tubes are 
Bayard-Alpert type and d i f fus ion  pump f l u i d  is Santovac 5. 
system for each s t age  is con t ro l l ed  by a manual/automatic e l e c t r i c a l  con- 
trol system. 
the primary element con t ro l l i ng  a pneumatic high vacuum valve which iso- 
lates the  vacuum chamber from the respec t ive  d i f fus ion  pump. 
couple gage tube,  located a t  the d i f f u s i o n  pump exhaust ,  con t ro l s  the d i f -  
fus ion  pump power and a pneumatic valve i n  the fore  l i n e .  
temperature and water flow in t e r locks  are a l s o  p a r t  of the  e l e c t r i c a l  con- 
t r o l  system. 
The vacuum 
In t he  automatic mode of operat ion an ion iza t ion  gage is  
A thermo- 
Diffusion pump 
The o v e r a l l  s ize  of the  vacuum systemwas made t o  make the  beam path 
as s h o r t  as poss ib le  while providing s u f f i c i e n t  pumping speed for  each 
stage. The s t a g e  I pumping requirements were most c r i t i c a l  and thus t h i s  
s t a g e  set the  general  scale of t h e  apparatus.  The s i z e  of the s t age  I 
vacuum chamber w a s  d i c t a t e d  by conductance requirements and physical  con- 
s i d e r a t i o n s  related t o  pump s i ze  and locat ion.  
l i q u i d  n i t rogen  trapped 10-inch d i f fus ion  pumps. 
b ina t ion  is a t tached  t o  the stage I chamber, with O-ring seals, a t  
flanges G. 
second and the  maximum air pumping speed of each d i f fus ion  pump is 
5300 liters pe r  second. Each d i f fus ion  pump is backed by a d i r e c t  d r ive  
two-stage ro t a ry  mechanical vacuum pump with a maximum pumping speed of 
6 1  liters per  second. These mechanical pumps are a l s o  used t o  rough 
pump stage 1 through 4-inch l i n e s  connected t o  t h e  chamber by way of 
manua le  operated s l i d e  valves  a t tached t o  f langes B. 
d i f fus ion  pump can be i s o l a t e d  from the chamber, approximately a t  f lange 
G, by s p e c i a l l y  designed air operated l i f t  valves. 
matic opera tors  are a t tached  a t  f langes C. Stage I pressure is measured 
with e i t h e r  the  ion iza t ion  gage tube connected t o  flange A, or  a capaci- 
tance type gage loca ted  at  f lange A4. The capacitance ga e h a s  a range 
accepts the sampling o r i f i c e  i n l e t  assembly which w i l l  be described later.  
Stage I is pumped by two 
Each trap-pump com- 
Nominal conductance f o r  each cold t r a p  is 4200 l i ters  per  
The cold t rap-  
These valves '  pneu- 
t o  one t o r r  f u l l  scale and a reso lu t ion  of one par t  i n  10 J . Flange E 
The s t age  I1 vacuum chamber is t h e  rectangular  para l le lep iped  lcca ted  
in  the  top-center s ec t ion  o f t h e  stage I chamber. 
evacuated through a 6-inch diameter pipe which physical ly  passes through 
the  s t a g e  I chamber, bu t  i s  i s o l a t e d  from i t  for vacuum purpcses.  This 
pipe terminates a t  flange F. A 6-inch d i f fus ion  pump-liquid ni t rogen 
cold t r a p  combination is connected t o  flange F through a 6 inch ,  pneu- 
mat ica l ly  operated,  s l i d e  valve. Conductance of the t r a p  is 1700 l i t e r s  
per second and the  maximum a i r  pumping speed of the d i f fus ion  pump is 
2400 l i ters  pe r  second. An 8.5  l i ters  pe r  second two-stage rc ta ry  mechan- 
ical  pump is used t o  back the d i f fus ion  pump and rough pump s tage  I 1  
The s t age  I1 chamber is 
1 7  
through appropriate valving attached t o  flange A2. 
is lgeasured with an ionizat ion gage tube connected t o  flange A3. The 
stage I and 11 vacuum chambers are interconnected through the skimmer 
assembly which is mounted on t he  i n t e r n a l  flange S shown i n  f igu re  9. 
Pressure i n  s t age  I1 
The s t age  111 vacuum chamber cons i s t s  of a vertical cy l ind r i ca l  sec- 
t ion  and horizontal  length of pipe extending t o  the rear and terminating 
at flange I. 
au e l l i p t i c a l  sect ion where i t  is welded to  the v e r t i c a l  cylinder.  
Stages 111 and I1 are interconnected through the coll imator assembly 
mounted on the i n t e r n a l  f lange T s h m  i n  f igure 9. 
pump-liquid nitrogen cold t r a p  combination is used t o  evacuate stage 111. 
These are attached a t  flange I through an elbow and pneumatically operated 
s l i d e  valve. Nominal conductance of the t r a p  is 275 liters per second and 
the maximum air pumping speed of t he  diffusion pump is 700 l i t e rs  pe r  sec- 
ond. 
t o  back the diffusion and rough pump s t age  111 through a pipe appropriately 
valved and connected t o  the  elbow above the  s l i d e  valve. Pressures i n  t h i s  
stage are measured with an ionizat ion gage tube connected t o  flange As. 
The circular cross  sect ion of the pipe is compressed i n t o  
A b i n c h  d i f fus ion  
An 8.5 l i ters per second two-stage rotary mechanical pump is used 
The s t age  111 vacuum chamber can be i s o l a t e d  from stage IV by a spe- 
c i a l l y  designed valve. 
located i n  s t age  111. 
t r ans l a t ing  a b a l l  mechanism. In the open posi t ion the  b a l l  is re t racted 
t o  provide a clear passage from s t age  111 t o  s tage IV. 
t i on  the b a l l  seats on an O-ring i n s t a l l e d  around a 0.32 cen t iue t e r  diam- 
eter opening i n  flange 8. The valve mechanism is operated through a bel-  
lows attached t o  flange V. 
This bellows sealed,  manually operated valve is 
V a l v e  opening and closing are accomplished by 
In t h e  closed posi- 
The cy l ind r i ca l  tee-section attached t o  flange li comprises the s t age  
I V  vacuum chamber. This chamber houses the  quadrupole mass spectrometer. 
All vacuum connections t o  s tage I V  are made with copper gasket seals. A 
1000 l i t e rs  p e r  second (air) baff led getter-ion pump, attached t o  flange J 
through an elbow, is used t o  evacuate s tage IV.  The mass spectrometer is 
mounted on a flange which mates with flange IC. Pressure is  measured with 
an ionizat ion gage tube connected t o  flange %. 
Sampling Orif i c e  I n l e t  Assembly 
The three assemblies s h a m  i n  f igure 11 have been used for various 
experiments. Flange L ,  which mates d i r e c t l y  with flange E of the s t age  I 
vacuum chamber, and spacer r lng LS is common t o  each assembly with e i t h e r  
flange MI, M 2 ,  o r  Mg. 
desired o r i f i c e  t o  skimmer distance. Four screws pass radial ly ,  90 degrees 
apar t ,  through flange L as shown i n  figure 11. These screws facil i tate 
la teral  movement of the o r i f i c e  flange, M ,  for  alinement purposes. 
Spacer rings of various height are used t o  give the  
Flanges M 1  o r  M3 a re  used when i t  is desired t o  allow the sampling 
o r i f i c e  t o  get ho t ,  and flange M2 is used when a cooled o r i f i c e  is desired. 
In t h e  M 1  configuration the platinum o r i f i c e  cone is welded d i r e c t l y  t o  
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the stainless steel plate .  
L given in f igure  12. 
soldered d i r e c t l y  t o  the water cooled plate .  The M3 configuration uses a 
type 11 o r i f i c e  welded t o  the  end of the s t a i n l e s s  steel tube extension 
attached to  the  s t a i n l e s s  steel p la te .  In configurations €41 and €43 t he  
stairrless steel p l a t e  is attached t o  a water cooled p l a t e  and vacuum seal 
is made with &n O-ring. 
only to  pro tec t  t he  O-rings. 
Here P type I o r i f i c e  is used and its geometry 
For the  M2 configuration a type I1 o r i f i c e  is 
The water cooling i n  these  configurations is s e d  
With t he  two types of platinum-rhodium a l loy  sampling cones shown in 
f igure  12, t he  o r i f i c e  is located i n  the apex of the  cone. 
is machined so as to  produce a sharp edged circular opening with zero 
channel length. 
The o r i f i c e  
Ver t ica l ly  Translatable  Or i f ice  Inlet Assembly 
For experiments where it w a s  necessary to  have a continuously var i -  
ab le  orifice-to-skimraer spacing and reduced source gas pressures, t he  spe- 
cial assembly shown schematically i n  f igure 13 w a s  used. 
added t o  the apparatus by subs t i t u t ing  it for  flange M of f igure  11. By 
turning the  screw c o l l a r  t he  o r i f i c e  to  skimmer dis tance could be continu- 
ously varied w i t h  a prec is ian  of b e t t e r  than 0.02 centimeter. 
d r i c a l  source chamber is keyed to  ~e housing so t h a t  t he  chamber and o r i -  
fice do not  r o t a t e  during v e r t i c a l  t rans la t ion .  
This u n i t  w a s  
The cylin- 
Pressure i n  the  source chamber could be varied from a few microns t o  
800 torr  by su i t ab le  vacuum pumping and pressurizat ion from gas cylinders. 
A mechanical pump was used f o r  evacuation of t h i s  chamber. Pressures be- 
low l t o r r  were  e a s u r e d  with a capacitance type vacuum gage. For source 
chamber pressures above 1 t o r r  a precis ion d i a l  type gage w a s  used t o  
meaeure pressure. 
When sampling from the source chamber, the gas under inves t iga t ion  
w a s  continuously admitted t o  the  chamber through leak valves and the  flow 
rate w a s  adjusted t o  maintain the  desired pressure in the  source chamber. 
A type I1 sampling cone w a s  soldered t o  the  upper end of t h e  source cham- 
ber  and the o r i f i c e  diameter was 0.025 centimeter. The general design of 
this unit provided good s tage  I pumping i n  t h e  v i c in i ty  of the o r i f i c e  
even at small orifice-to-skimmer distances. 
Skimmer and Collimator Assemblies 
Cross sec t iona l  schematic views of the  skimmer and collimator are 
shown i n  f igures  14 and 15, respectively. The flange mounting port ion 
of these assemblies are s imi l a r  and they w i l l  be described together .  
skimmer and collimator flanges mate w i t h  an intermediate flange as shown 
i n  f igure 14. The intermediate flanges i n  turn mate w i t h  flange S ( f ig .  9) 
f o r  the skimmer and flange T ( f ig .  9) f o r  t h e  c o l l i p a o r .  The intermediate 
The 
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flange i n  each case is loca ted  with dowel p ins  t o  the  f langes  S o r  T. 
screw r e t a i n i n g  r ing  se rves  as e clamp. When t h e  r e t a i n i n g  screws are 
secured i n  p lace  and the  lockdown screws are removed, t h e  assembly can be 
removed from t h e  apparatus. 
apparatus,  using the  dowel l c c a t i n g  p ins ,  i n  exac t ly  the  same place  as 
before removal. 
no t  t ightened, t he  s k i d r  o r  co l l imator  can be moved l a t e r a l l y  f o r  a l ine-  
ment purposes. 
f i x e s  t h e  pos i t i on  of t he  skimmer o r  co l l imator ,  respec t ive ly .  
A 
The assembly can then be replaced i n  t h e  
With both t h e  r e t a i n i n g  and lockdown screws i n  p lace  but  
Once alignment is achieved, secur ing  the  r e t a i n i n g  screws 
The skimmer cone is spun from 0.025 inch t h i c k  copper. The opening 
in t he  apex of the  60 degree cone is machined i n  a way t o  provide a sharp 
edged c i r c u l a r  opening with zero channel length. For a l l  the  experiments 
reported here  a s ingle  skimmer w a s  employed and i t  had a 0.076 centimeter 
diameter opening. 
The col l imator  cone is made s i m i l a r l y  t o  the  skimmer but  with an 
included angle of 120 degrees and a 0.159 centimeter diameter opening. 
Beam Chopper Assembly 
The beam chopper assembly c o n s i s t s  of a motor driven segmented d i sc ,  
a l i g h t  bulb and a photo diode de tec tor .  
t h e  s t a g e  I1 vacuum chamber and a t tached  t o  the co l l imator  as shown sche- 
mat ica l ly  i n  f i g u r e  16. 
aluminum. 
t o  y i e l d  v ib ra t ion  f r e e  ro t a t ion .  
This assembly is  loca ted  i n  
Th, r o t a t i n g  d i s c  is made of 0.032 inch t h i c k  
The d i s c  is shaped as shown i n  f igu re  17  and c a r e f u l l y  balanced 
A chopping frequency of 150 h e r t z  was rou t ine ly  employed in our 
s tud ie s .  The motor r o t a t i o n  speed w a s  e l e c t r i c a l l y  ad jus ted  t o  produce 
t h e  des i red  frequency as measured with the lamp-diode combination, Elec- 
t r i c a l  connections t o  t h e  beam chopper were made through bn i n s u l a t e d  
feed through attached t o  flange A7 shown i n  f igu re  10. 
Quadrupole Mass Spectrometer 
An Extranuclear Laboratories Inc, quadrupole mass spectrometer system 
is used i n  our apparatus. 
number components: 041-1 axial  i o n i z e r ,  021-1 e l e c t r o n  energy-emission 
cont ro l ,  4-270-9 ELFS quadrupole mass f i l t e r  with 1.6 x 22 0 cm po les ,  
011-15 power supply - 1 t o  6 MHz, 1.25  MHz high-Q head, 031-3 e lec t rometer ,  
032-5 preampl i f ie r ,  channeltron e l ec t ron  m u l t i p l i e r  and 091-6 d i g i t a l  mass 
programmer. The quadrupole mass f i l t e r  h a s  a nominal range from 0 t o  
500 AMU but i n  p rac t i ce  we have been ab le  t o  operate above 600 AMU. 
This system is  composed of the following model 
The e n t i r e  spectrometer is mounted on an 8-inch diameter copper gasket 
type flange which mates d i r e c t l y  t o  flange K of the s t age  IV vacuum cham- 
ber. A l l  e l e c t r i c a l  ccnnections t o  t h e  spectrometer a re  btcught ou t  through 
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its mounting flange. 
v ide  a clear l ine  of  s i g h t  through t h e  e n t i r e  spectrometer. 
c a l l y  operated s h u t t e r  p r o t e c t s  t he  window from condensible spec ie s  in 
the  beam. 
This flange is also equipped with a windox t o  pro- 
An electri- 
Entrance i n t o  t h e  mass spectrometer e l e c t r o n  bombardment i o n i z e r  is 
through a 0.32 centimeter diameter aperture.  The mass spectrometer is 
phys ica l ly  posit ioned in t h e  s t a g e  I V  vacuum chamber t o  l o c a t e  the  en- 
trance ape r tu re  approximately 1 centimeter above t he  s t a g e  111 exit  aper- 
ture.  Three bellows sea l ed  micrometer screws are loca ted  at t h e  lower 
end of t h e  s t a g e  I V  chamber 120 degrees apa r t  r ad ia l ly .  
bear  against t h e  quadrupole mass f i l t e r  po le  housing and f a c i l i t a t e  cen- 
t e r i n g  t h e  entrance ape r tu re  with respect t o  t h e  s t a g e  I11 exi t  opening. 
This p o s i t i d n g  can be accomplished while s t a g e  I V  is under high vacuum. 
These screws 
Signal  Processing 
Beam modulation and phase s e n s i t i v e  de t ec t ion  techniques are used i n  
signal processing t o  increase  t h e  signal-to-noise r a t i o ,  S/N. The s i g n a l  
of i n t e r e s t  is the  i o n  cu r ren t  produced by ion iza t ion  of the chopped sam- 
p l e  gas beam. 
these is the s i g n a l  due t o  background gas which f inds  its way i n t o  the  
ion izer .  
There are aumerous sources of no i se  s i g n a l  and one of 
Beam modulation is achieved with t h e  chopper assembly which both 
pe r iod ica l ly  i n t e r r u p t s  t h e  gas beam and produces a square wave r e fe r -  
ence vol tage  at  the  modulation frequency. 
t he  chopper system is shown i n  f i g u r e  18. 
l a t o r  ou tput  is adjus ted  i n  frequency and amplitude t o  make the  motor 
speed o f  r o t a t i o n  appropr ia te  t o  r e s u l t  i n  t h e  des i red  chopping frequency. 
A regulated f ixed  cur ren t  is passed through t h e  lamp and as the  sec tored  
disk allows l i g h t  t o  illuminate the  photo diode, an output reference s ig -  
n a l  vo l tage  is produced. This square wave reference s i g n a l  at the modu- 
l a t i o n  frequency is used t o  d r ive  the  synchronous ga te  i n  the  phase sens i -  
t i v e  d e t e c t o r  s i g n a l  processor. A Princeton Applied Research model HR-8 
lock-in a m p l i f i e r ' i s  t he  signal processor. 
A schematic wi r ing  diagram of 
The va r i ab le  frequency o s c i l -  
The output of t h e  spectrometer e l e c t r o n  m u l t i p l i e r  is fed d i r e c t l y  
I n t o  t h e  032-5 preampl i f ie r  mounted i n  c lose  proximity t o  the  s i g n a l  feed 
through i n  t h e  spectrometer support f lange. The preampli f l e r  conta ins  
remotely s e l e c t a b l e  input r e s i s t o r s  of lo5 ,  l o7 ,  and 108 ohms. 
put of the preampl i f ie r  is routed i n  p a r a l l e l  t o  the  e l ec t rome te r ,  t h e  
lock-in ampl i f i e r ,  an osc i l loscope ,  and t h e  d i g i t a l  tuass programmer, 
n a l  rou t ing  is shown i n  f igu re  19. 
The out- 
Slg-  
The d.c. output of the  electrometer is proportional t o  t h e  t o t a l  ion 
cur ren t ,  i.e., the  sum of (1) t h e  average value of the ion  cur ren t  pro- 
duced from t h e  chopped gas beam, (2) the ion cur ren t  r e s u l t i n g  from back- 
ground gas which e n t e r s  t he  ion ize r ,  and ( 3 )  noise  cu r ren t .  The e1ect.c.m- 
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eter output can be f i l t e r e d  with p re se l ec t ab le  t i m e  cons tan ts  t o  smooth 
the  s igna l .  
The d.c. output of t h e  lock-in ampl i f i e r  is propor t iona l  t o  t h e  compo- 
nent of the  t o t a l  ion cu r ren t  t h a t  is i n  phase with the  modulated gas beam 
pulses.  
regard t o  synchronization frequency and phase angle. The lock-in ampl i f i e r  
output can a l s o  be f i l t e r e d  with p re se l ec t ab le  time constants.  
Of course the  lock-in ampl i f i e r  must be appropr i a t e ly  tuned wi th  
Electrometer and lock-in ampl i f i e r  ou tpu t s  are recorded on sepa ra t e  
channels of  a two channel high speed servo recorder. 
The quadrupole mass f i l t e r  is con t ro l l ed  by a power supply which pro- 
vides three  opt ions  f o r  making the  f i l t e r  sweep through an AMU range. In 
the  manual mode, t h e  opera tor  manually a d j u s t s  t h e  con t ro l  potentiometer 
t o  sweep the  mass f i l t e r .  A f ixed  s e t t i n g  of t h i s  potentiometer corres- 
ponds t o  a f ixed  AMU p o s i t i o n  f o r  t h e  f i l t e r  and thus  one can tune the  
f i l t e r  t o  rest on any AMV of i n t e r e s t .  
rate follows t h e  saw tooth ramp r a t e  s e l e c t e d  f o r  t h e  osc i l loscope .  Tn 
t h i s  mode the  AMU star t ing poin t  and range are independently s e l e c t a b l e  
by t h e  opera tor .  The t h i r d  sweep mode is labe led  ex te rna l  coarmand. I n  
t h i s  mode the  sweep rate, s t a r t i n g  AMJ, and AMU range are con t ro l l ed  by 
commands received from the  091-6 mass programmer. 
program t h e  mass programer ;  t h e r e  are s i x t e e n  channels which can be 
programmed. 
can be run through sequen t i a l ly .  
I n  the  sweep mode the  f i l t e r  sweep 
The opera tor  d i g i t a l l y  
A s i n g l e  channel can be made c o n t r o l l i c g  o r  a l l  s i x t e e n  channels 
The mass programmer a l s o  contains a s i g n a l  processing s e c t i o n  where 
t h e  ion cur ren t  s i g n a l  can b e  amplified by a f a c t o r  from 0.01 t o  99.9 
according t o  programmable command f o r  each of the  s ix t een  channels. This 
h a s  proven t o  b e  a usefu l  f ea tu re  which w e  a l t e r n a t e l y  employ by s u i t a b l e  
switching as shown i n  f igu re  19. 
PROCEDURE 
A 1  i @men t 
Optimum performance of  the sampling sys tem is c r i t i c a l l y  dependent 
upon proper alignment of a l l  o r i f i c e s  and aper tures  i n  t h e  gas beam p a t h .  
A low power (0.2 mW> helium-neon l a s e r  is used t o  a l i g n  our system. 
laser is supported by a mechanism which f a c i l i t a t e s  s e t t i n g  t h e  beam ver- 
t i c a l l y  and t r a n s l a t i n g  t h e  beam i n  two d i r e c t i o n s  perpendicular t o  the 
v e r t i c a l .  The e x i t  opening from s t age  111 is fixed i n  pos i t i on  on t h e  
apparatus and therefore  a l l  alignment is done r e l a t i v e  t o  t h i s  element. 
The l a s e r  is pointed up through the system from the bottom and t h e  beam 
is centered i n  the s t age  I11 e x i t  opening w i t h  a l l  o the r  elements removed 
from the apparatus. Next t he  quadrupole mass spectrometer is secured i n  
p lace ,  and the th ree  center ing  micrometer screws i n  the s t age  I V  vacuum 
chamber a r e  adjusted u n t i l  t h e  l a s e r  beam i s  seen t o  emerge c l e a r l y  
The 
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through t h e  window at  the  upper end of the spectrometer. 
the ion ize r  inlet  aper ture  and s t a g e  I11 exi t  ape r tu re  are l i n e d  up cor- 
r ec t ly .  The col l imator  assembly is then posit ioned and ad jus ted  t o  pass 
the  laser beam. 
alignment. F ina l ly ,  t he  sampling o r i f i c e  assembly is put i n  p lace  and 
posit ioned t o  pass the  laser beam. 
A t  t h i s  po in t  
S imi la r ly  the  skimmer asseably i s  added and brought i n t o  
When the  sampling apparatus i s  pumped down and put i n t o  opera t ion ,  
t he  sampling o r i f i c e  p o s i t i o n  is given a f i n a l  " f ine  tuning" adjustment. 
This adjustment is made while ambient labora tory  air is being sampled. 
The mass f i l t e r  is set on the  maximum of the  n i t rogen  peak and the  elec- 
trometer ou tput  on the  recorder is observed while ad jus t ing  t h e  sampling 
o r i f i c e  center ing  screws i n  flange L. 
t h e  n i t rogen  s igna l .  
Adjustments are made t o  maximize 
Spectrometer Tuning 
The quadrupole mass spectrometer used i n  our apparatus is one f o r  
whfch a l l  s e t t i ngs  of t h e  ion iz ing ,  focusing, and mass f i l t e r i n g  elements 
must be determined by the  experimenter. The de tec t ion  of low l e v e l  s ig -  
na l s  depends very s t rong ly  upon t h e  adjustment of these  elements. Gpt i -  
adjustment corresponds t o  maximizing t h e  signal-to-noise r a t i o  (S/N) 
r a t h e r  than just maximizing t h e  s igoa l .  
Our experience has ind ica ted  that t h e  two con t ro l s  which most s t rong ly  
a f f e c t  maximization of are the emission cu r ren t  and t h e  ion  energy. 
Although i n  general  the  signal s t r eng th  increases  as each of t hese  param- 
eters is increased, a poin t  is reached where t h e  noise  l e v e l  begins t o  in- 
crease more r ap id ly  than t h e  s i g n a l  l eve l .  
S/N is achieved a t  r e l a t i v e l y  low emission cur ren t  ( t y p i c a l l y  about 3 mA) 
and ion energy ( t y p i c a l l y  10 V a t  32 AMU) . 
S/N 
We have found t h a t  optimum 
Tuning is accomplished by observing an in tense  peak on the  o s c i l l o -  
scope and ad jus t ing  the  con t ro l s  t o  produce the  proper peak shape. This 
is usual ly  done by observing the  n i t rogen  peak while s a q l i n g  ambient 
laboratory a i r .  A f a s t  r e p e t i t i v e  sweep rate i s  used and the  reso lu t ion  
con t ro l  is set t o  a low value so t h a t  t h e  peak covers s eve ra l  AMU and is  
about 8 centimeters wide on the  osc i l loscope  screen. The tuning con t ro l s  
are adjusted so t h a t  the  top of the  peak is f l a t ,  t h e  high mass s i d e  of 
the  peak is v e r t i c a l ,  and the  low mass s i d e  is a s t r a i g h t  l i n e  with maxi- 
mum slope. These f ea tu res  of the  peak shape a re  sought while a l s o  endeav- 
or ing  t o  maintain as l a r g e  a peak amplitude as poss ib le .  The i d e a l  shape 
i e r  shown i n  f igu re  20 by the  heavy s o l i d  l i n e .  Once the  tuning is o p t i -  
mized, t h e  r e so lu t ion  can be increased considerably before  the  peak ampli- 
tude is af fec ted .  As the  reso lu t ion  is increased ,  t he  pos i t i on  of  the  low 
mass s i d e  of t h e  peak should move toward higher mass as shown by t h e  dashed 
l i n e s  i n  f i g u r e  20. When t h e  low mass s i d e  o l  t h e  peak j u s t  i n t e r c e p t s  t he  
high mass s i d e ,  e.g., point A i n  f igure  20, the spectrometer is tuned t o  
the  h ighes t  r e so lu t ion  which gives the maximum S/N. Increas ing  the  reso- 
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l u t i o n  cont ro l  f u r t h e r  increases  t h e  reso lu t ion  bu t  only at  t he  expense 
of a l o s s  i n  sensit ivtty,  e .g . ,  po in t  B i n  f igu re  20. 
Optimum resolut ion and s e n s i t i v i t y  a t  low AMU does not necessa r i ly  
represent  t he  optimum a t  high AMrJ. The con t ro l  which most s t rong ly  a f -  
fec tp  the  r a t i o  of the  low t o  high AMU reso lu t ion  i s  the  
We have found t h a t  fo r  our spectrometer a s e t t i n g  of AM = 0 should be  
used to  obta in  reso lu t ions  which are equal ly  s a t i s f a c t o r y  a t  low and high 
AMU while maintaining good s e n s i t i v i t y .  
AM cont ro l .  
The i n t e n s i t y  and reso lu t ion  a r e  usua l ly  checked d a i l y  by observing a 
one atmosphere oxygen beam. 
impudcy which provides a s u i t a b l e  s i g n a l  a t  r e l a t i v e l y  high AMU. 
oxygen pede and one of t h e  xenon peaks are a l t e r n a t e l y  observed while f i n e  
“Lning. 
The oxygen used contains  a low l eve l  xenon 
The 
Typical reso lu t ions  (.defined using the  fu l l -wid th  a t  half-maximum), 
used when de tec t ing  low l e v e l  s i g n a l s ,  a r e  1 X  t o  2X the  mass number i n  
the AMI region near  xenon and 2X the  mass number i n  the  region near  oxygen. 
Beam Modulation 
F i t e  (ref. 44) has pointed out  t h a t  i n  s e l e c t i n g  a chopping frequency 
f o r  performing modulated beam m a s s  spectrometr ic  measurements two phys ica l  
considerat ions govern. F i r s t ,  the  frequency should be made s u f f i c i e n t l y  
high t o  insure  t h a t  the  Fourier  component of  the  background gas pressure  
f luc tua t ions  i s  negl ig ib ly  s m a l l .  Second, the  frequency should be made 
s u f f i c i e n t l y  low t o  insure  t h a t  coherence of the  modulated beam is not 
destroyed as the  r e su l t  of ve loc i ty  spreading of the  beam pulses .  
For e f f u s i v e  molecular beams where there is a broad d i s t r i b u t i o n  of 
v e l o c i t i e s ,  the  second considerat ion abcve is  of c r i t i c a l  impottar,ce- 
F i t e  and Brackman ( r e f ,  451, Harrison e t  a l .  ( r e f s ,  46 and 4 7 1 ,  and 
Yomamoto and Stickney ( r e f .  48) h a v e  analyzed the e f fus ive  beam case and 
worked out  the dependence of the  amplitude and phase s h i f t  on frequency, 
molecular m a s s  and f l i g h t  path length.  
For supersonic beams, M i l l e r  ( r e f .  49 )  has shown t h a t  the  second con- 
s ide ra t ion  above i s  not c r i t i c a l .  Mil ler  showed tha t  amplitude co r rec -  
t i o n s  are minor when the Mach number i c  grea ter  than about 5. This 
r e s u l t s  from the  fact  tha t  at high Mach numbers t h e  veloci ty  d i s t r i b u t i o n  
is s u f f i c i e n t l y  narrow tha t  The spread i n  v e l c c i t i e s  does not e f f e c t  the  
coherence of the beam even at r e l a t ive ly  high chopping frequencies ,  e g , 
1400 he r t z  , 
Because our sampling system produces a high Mach number s u p e r s m i c  
beam, w e  have only considered background gas pressure f l b c t u a t j c n  e f f e c t s  
i n  s e l e c t i n g  a chopping frequency. We have used t h e  ana lys i s  o! F i t e  
(ref.  44) t o  es t imate  t h e  r a t i o  of amplitudes of pressure f luc tua t ions ,  
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i n  the  stage I1 vacuum chamber, f o r  a chopped beam as compared t o  an un- 
chopped beam. 
40 milliseconds.  
tua t ion  amplitude is a t tenuated  by a f ac to r  ot  about 40 and a t  a f re-  
quency of 400 her t z  the a t tenuat ion  f a c t o r  is 100. 
The s t age  11 vacuum system's t@ constant  i s  approximately 
A t  a chopping frequency of 150 h e r t z  the  pressure  f luc-  
RESULTS AND DISCUSSION 
The general  performance of our sampling system w a s  f z i t i a l l y  assessed 
by sampling the  ambient laboratory atmosphere throurh a 0.025 centimeter 
diameter o r i f i c e .  The orifice-to-skimmer d i s t ance  was a r b i t r a r i l y  set at  
%/Do - 50. These i n i t i a l  tests demonstrated t h a t  t h e  vacuum pumping sys- 
tems m e t  t h e  design cr i ter ia  and were adequate f o r  ambient temperature,  
atmospheric pressure sampling through a 0.025 cent imeter  diameter o r i f i c e .  
The pressure i n  s t a g e  I was about 1.5 microns, and t h i s  value corresponds 
t o  the  region where the  10-inch d i f fus ion  pumps begin t o  achieve t h e i r  
maximum pumping speed. This r e s u l t  i nd ica t e s  t ha t  the 0.025 cent imeter  
diameter o r i f i c e  is about the maximum t h a t  can be used on our sampler with 
the s t age  I pumping provided. The pressure i n  s t ages  11, 111, and I V  was 
2x10-5, 3.10'7, and t o r r ,  respect ively.  
A por t ion  of a typ ica l ly  recorded spectrum fo r  the  laborator ,  ambient 
atmosphere is shown i n  f igure  21. The peaks a t  32, 33, 34 AMU are due t o  
oxygen and those a t  36, 38, and 40 AMU are due t o  argon which e x i s t s  i n  
the atmosphere at  about 0.93 percent by volume. An estimate of t h e  sam- 
pl ing  system's s e n s i t i v i t y  was ascer ta ined  by observing t h a t  t h e  Ar38 i so-  
tope was readi ly  i d e n t i f i e d  and measured here  with the spectrometer  and 
e l ec t ron ic s  set t o  only an intermediate  s e n s i t i v i t y  l e v e l ,  
is of the  order  of 5 parts per  mi l l ion  (ppm) i n  the  ambient atmosphere. 
This i so tope  
The 37 AMU peak i n  f igu re  2 1  was a t t r i b u t e 3  t o  the ion spec ies  
H(H20);. 
shown i n  f igure  22. This scan was a t  a higher  sweep r a t e  and lower sens i -  
t i v i t y  than t h a t  shown i n  f igure  21. The water and water c l u s t e r  peaks 
are c l e a r l y  v i s i b l e  and i n  accord with observat ions made by o the r  i nves t i -  
gators  (ref.  50). To confirm these observat ions w e  sampled ambient a i r  
which was f i r s t  passed through a drying column. A scan of the dry a i r  
sample is shown in f igure  23. The water peak a t  18 AMU is ~ e e n  t o  be 
g rea t ly  reduced and the water c l u s t e r  peaks are  absent.  The scans shown 
i n  f igures  22 and 23 were made a t  the same s e n s i t i v i t y ,  scan speed ahd 
ti= constant.  A t  h igher  s e n s i t i v i t y ,  slower scan speed and increased 
time constant t h e  dr ied a i r  sample s t i l l  showed some water c l u s t e r i n g  
peaks and t h i s  demonstrated t h a t ,  as expected, the drying vas n o t  romplete. 
A subsequent scan of ambient a i r  was made t o  higher AMU and is 
After t h e  preliminary t e s t i n g  described above, experiments were per- 
formed t o  determine (1) how measured i n t e n s i t y  var ied 86 a funct ion of 
Xs/Do 
beam compared t o  theoretically ca lcu la ted  i n t e n s i t y ,  and (3) t h e  u l t imate  
s e n s i t i v i t y  of the sampling system. For these experiments the t t a n s l s t -  
and source pressure,  Pa,  ( 2 )  how the messured & t e n s i t y  of an argon 
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able  sampling o r i f i c e  assembly was i n s t a l l e d  on the sampler 
were performed with argon, ni t rogen,  and oxygen as  the rooffi temperature 
source gas. 
Experiments 
Argon 
Argon was sampled at var ious source pressures  and the Ira-phase ion 
current  was measured as a function 
source pressures  a re  presented i n  f igure  24. The i n t e n s i t y  o f  the  argon 
s i g n a l  is  seen t o  pass  through a rather  broad maximum near 
and then f a l l  sharply at lower values of 
t e n s i t y  a t  lower o r i f i c e  t o  skimmer d is tances  i s  similar t o  t h a t  reported 
by o the r  i nves t iga to r s  ( r e f ,  51),  and t h i s  drop is usual ly  a t t r i b u t e d  t o  
skimmer int .erference and shack e f f e c t s  ( r e f s .  51 and 5 2 ) .  We be l i eve  
that i n  our case the  drop i n  i n t e n s i t y  at low values of XS/Do may also 
be due t o  background gas s c a t t z r i n g  ef iectr  because at small or i f ice- to> 
skimmer d is tances  the  pumping i n  the  r e g i m  of the J r i f i c e  is probably 
somewhat r e s t r i c t e d ,  The gradual decrease i n  i n t e n s l r y  at X , / D o  v a l u e s  
beyond t h e  maximum may be due t o  the decreased densi ty  a t  the  skimmer 
entrance r e s u l t i n g  from ti.e increas ing  o r i  t ice-to-skimmer separa t ion  
According t o  the idea l ized  theo re t i ca l  ana lys i s  of Parker et  a l .  ( r e f .  36) ,  
the  f lux  at  the  de tec tor  v a r i e s  as (Xs/Do)'2/3 
reasonable agreement with our observations fo: $/Do values  g rea t e r  
than where the  maxilaurn i n t e n s i t y  cccurs 
X S / D o ,  Typical r e s u l t s  at th ree  
X s / D ~  - 120 
The sharp drop i n  in-  XS/Do. 
f o r  argon. This is i n  
It is i n t e r e s t i n g  t o  note  tha t  i f  one makes a s i m p l i s t i c  ca l cu la t ion  
of a skimmer Knudsen number a t  the point of maximum i n t e n s i t y ,  a value 
is obtained which is about equal t o  that usual ly  considered t o  be a c r i -  
ter ia  f o r  f r e e  molrcular f l o w .  For example, consider the case cf argon 
with PO = 700 to r r  and Xs/Do  = 120 A s  w i l l  be shown l a t e r ,  t he  num- 
ber  dens i ty  a t  t he  skimmer is calculated t o  be ns = 2 35*101' at~ms-cm'~. 
The mean f r e e  F A t h  a t  the  s k r n v e r ,  A ~ ,  i b cal tu18red t a  he U . 7 i  centimeter 
from the expression 
(I is taken t o  have  t h g  value 3 . 6 7 ~ 1 0 ' ~  c m .  For the 0.076 centimeter 
skimmer d iame te r ,  t h e  skimmer Knudsen number, Kn,, is ca lcu l .  red from 
Kn, = l s / D s  to be 9 . 3 .  Because a value of Kn, =. 10 is  taken as t h e  
c t i t e r i a  to r  f r ee  molecular flow, i t  is reasonable t o  conclude t h a t  for 
our example f lee  mclecular flow prevai led where  maximum i n t e n s i t y  was 
achieved. Upstream of where f r e e  molecular f l o w  p reva i l s ,  c o l l i s i o n s  
s t i l l  play a ro l e  and shock or s c a t t e r i n g  e f f ec t s  would b e  expected t o  
a t tenuate  the beam a s  previously pos tu la ted .  Thus t h i s  q u a l i t a t i v e  p i c -  
tu re  i n  general  can expla in  t h e  experimentally observed shapes of the in- 
t e n s i t y  versus X s / %  c u r v e s .  Furthermore, t h i s  approach is i n  general  
accord with t h e  f indings of o ther  inves t iga tors  who observed s imilar  curve 
shapes ( r e f s .  53 and 54). For example, Scott and Drewry ( r e f .  54) con- 
cluded tha t  experimental r e s u l t s  r i s e  t 3  a rnaxim;lm and tend t o  approach 
theo re t i ca l  p red ic t ions  a s  Kn, increases .  
1 = (fi 7o2ns)-' where t h e  c o l l i s i o n  cross sec t ion  
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Our measured dependence of  i n t e n s i t y  on source pressure  f o r  
= 120 is shown i n  f igu re  25. For pressures  below about 600 t o r r  
the intensLty is seen t o  be d i r e c t l y  proportional t o  source pressure  and 
t h i s  is i n  accord with t h e o r e t i c a l  considerations.  'Ihe f a l l - c f f  of in- 
t e n s i t y  a t  higher pressures was not expected. 
might be r e l a t e d  t o  s tage  I pumping. 
stage I pressure is i n  the region where the  d i f f u s i o n  p u q s  j u s t  begin t o  
a t t a i n  t h e i r  maximum pueping speed. However, the stage I pressure  is 
almost l i n e a r l y  r e l a t ed  t o  source pressure,  as shown i n  f igu re  26, ellen 
t o  source pressures of 800 t o r r .  One would expect t o  see a departure 
from l i n e a r i t y  at higher pressures i f  the  d i f fus ion  pumps were not pump- 
i n g  at t h e i r  maximum speed. 
We speculated t h a t  t h i s  
A t  these higher pressures  the 
Pressures i n  stages 11, 111, and IV were measured as a function of 
source pressure and Is/%. For a l l  conditions the  stage IV pressure  
w a s  a l w a y s  less than lo4 t o r r  and t h i s  fact d e w n s t r a t e s  t h a t  even fo r  
argon the stage IV pumping capac i ty  w a s  more than adequate. 
e a s u r e d  i n  s t ages  I1 and I11 were found t o  be a function of source pres- 
sure  and %/Do 
two source ptessures.  
The pressures  
as shown i n  f igu re  2 7  where r e s u l t s  are presented fo r  
To compare measured i n t e n s i t i e s  w i t h  t h e o r e t i c a l l y  ca l cu la t ed  values 
it  is necessary t o  relate measured ion cu r ren t  t o  beam f l u x  o r  number 
density which can be expressed i n  terms of source conditions.  
the ion source of  the  mass spectrometer is a dens i ty  s e n s i t i v e  de t ec to r ,  
we chose t o  charac te r ize  the  beam i n  terms of numbor dens i ty  
centcr l ine  nusber dens i ty  at the ion source,  nd, is propor t iona l  t o  the 
measured ion cur ren t ,  I ,  
Because 
n. The 
nd = CI ( 4 3 )  
where C is the propor t iona l i ty  constant and t h e  current is t h e  in-phase 
component of t h e  modulated beam curren t .  The p ropor t iona l i t y  constant 
may be a function of molecular spec ies  but for  any given spec ie s ,  such 
as a r g m ,  t h e  p rcpor t iona l i t y  should be equally applicable t o  an effusive 
or supersonic beam. If the  e f fus ive  beam is subscr ip ted  by E and t h e  
supersonic (nozzle) beam is subscr ip ted  by N, we c a n  write for  a pa r t i c -  
ular species i ,  
Effusive argon beam w e r e  produced by sampling argcn source gas at 
pressures i n  t h e  micron range and t h e  r e s u l t s  a re  shown i n  f igure  28 
Generally, e f f u i v e  flow is considertd tG exlst fzr art f i ;e  Knudseo num- 
be r s  above about 10 b u t  our data w a s  found t o  be very l i n e a r  t o  source 
pressures near LOO microns where t he  Knudsen number is approximately 0 . 5 .  
The da ta  t o  was i i t t e d  t o  a h t %  :ght  l i n e  by the least 
square< method and the l i n e  shown tiirough the dat; .joints i n  i i g u r e  28 
was found t o  f i r  t h e  equation, 
Po = LOO microns 
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I 5 1 . 9 5 ~ 1 0 - l ~  aPo - 1.0440-2 
A r  E (45 1 
At a source pressure  of 30 microns the number dens i ty  at the detec- 
tor (ion source) vas ca lcu la t ed  t o  be & I d E  = 1.81 4 0 7  mlecules an-3 
for %/Do = 120 and a skislsler-to-detector d i s t ance ,  e, equal  t o  
42.82 centimzters. 
su re  o f  30 microns r e s u l t s  i n  a beam curren t  of 5.75*10'11 ampere. 
p r o p o r t i a a l i t y  constant k C  is then ca l cu la t ed  t o  be = 3.15~101~ 
molecules cm-3 ampere-1. 
From t h e  least squares i i n e  equat ion  a s3urce pres- 
The 
Supersonic argon be- r e s u l t i n g  from a source p r e s s u r e  of 700 torr 
were sleasured as a funct ion  of 
&J, were converted t o  number dens i ty ,  &dN, by ra t l t ip ly iu$  
&. 
RWAX~M dens i ty  occurs a t  %/DO = 120 *ere Apdk - 3 . 0 7 ~ 1 0 ~ ~  slolecaes 
cm-3. 
&/Do and the  Peasured ion  cu r ren t s ,  
A ~ I N  by 
Results are preseated i n  f igu re  29 where it can be seen that the 
Theore t ica l  d e n s i t i e s  at t h e  de t ec to r  can be ca lcu la ted  by equa- 
tion (35) and the  techniques described i n  t h e  s e c t i o n  on Beam Formation. 
Calculations were made f o r  t h e  source conditions 
To = 298 K, D 
tion (37) [Mh = %(%/%)I and the  first method, we obtained 
= 1 . 0 3 ~ 1 0 1 ~  molecules cm-3 f o r  a t h e o r e t i c a l  dens i ty .  This value 
is a f a c t o r  o f  about 3.6 h igher  than our measured value. When His w a s  
ca l cu la t ed  according t o  the  second method and equation (42) 
( H r ,  * ~~.~O/~~(X,/DO)IDO;('OCO)-~.~]), W e  ob ta in  
uolecules cm-3 which is only about 5 percent higher than our measured 
value. It must be reccgnized t h a t  while both theo t i e s  are based on 
many idea l i zed  assumptions, t he  second &hod ca l cu la t ion  r e s u l t s  from a 
theory derived from c o r r e l a t i o n s  w i t h  experiment. Therefore, i t  is not 
s u r p r i s i n g  t h a t  t h e  dens i ty  derived fro= t h e  second ca l cu la t ion  is i n  
b e t t e r  agreement w i t h  our measurements. 
Po = 700 t o r r  of argon, 
= 0.025 c e n t i o e t e r ,  &/Do = 120, D, = 0.038 centimeter,  
and 11 = 12.8 ? c e n t i w t e r s .  When HI, vas ca lcu la t ed  according t o  equa- 
3.24.1O1l 
For e i t h e r  method of ca lcu la t ion  of the  t h e o r e t i c a l  dens i ty  a t  t h e  
d e t e c t o r ,  the agreement with experiment is considered t o  be good and an 
ind ica t ion  t h a t  a t  
problem i n  our apparatus,  The ca l cu la t ions  also y i e l d  add i t iona l  informa- 
t i o n  which gives some i n s i g h t s  i n t o  the sampier's opera t ion-  
source conditions noted % = 30.2 
flaw" occurs near %/Do = 2 8  where nq = 6.26*1015 molecules  CIII-~. 
dens i ty  a t  skimmer is 
&/Do = 120 skimmer in t e r f e rence  is not a s e r i o u s  
For t h e  
and the  t r a n s i t i o n  t o  " c o l l i s i o n l e s s  
The 
ns = 2 . 3 5 ~ 1 0 ~ ~  molecules cm-3. 
A f i n a l  s e r i e s  of argon beam experiments were performed t o  asce r t a in  
if abnormal condensation e f f e c t s  ex is ted  i n  our sampling sys t em beam for- 
mation process. Condensation phenomenon are  an import ant cons idera t ion  
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in  high pressure samplics and ex tens ive  research ( r e f s .  55 t o  58 and ref-  
erences c i t e d  the re in )  has been devoted t o  t h i s  sub jec t .  While most as- 
pects  of condensation i n  free jets is beyond t h e  scope of our  d iscuss ion ,  
Milne aud Greene ( r e f .  5 5 )  have shown haw measurement of  t he  argon dimer 
t o  mDnoIBer r a t i o  can be used t o  eva lua te  the  performance of a sampler. 
Argon source gas was sampled a t  room temperature through a 0.025 cen- 
t i e t e r  diameter o r i f i c e .  Orifice-to-skimmer d i s t ance  was held constant 
at the  optimum determined previously,  i.e., & / D O  = 120. 
cu r ren t s  were measured f o r  t he  argon monomer and dimer. Measured ion cur- 
r en t s  were not cor rec ted  f o r  mass spectrometer mass discr imina t ion ,  multi- 
p l i e r  gain o r  sampler mass discr imina t ion  because such co r rec t ions  were 
considered t o  be r e l a t i v e l y  small f o r  t h e  s h o r t  range from 40 t o  80 At4U. 
In-phase ion  
A t  a source pressure  of one atmosphere w e  measured 2n argon dimer to 
We 
mmomer r a t i o  of 3.6~10'3. 
and Greene's da t a  ( r e f .  5 5 ,  f ig .  5 )  ext rapola ted  to our o r i f i c e  s i ze .  
therefore  conclude t h a t  f o r  t h e  o r i f i c e  s i ze ,  source pressure  and tempera- 
t u re ,  and orificeto-skimmer d is tance  used we had a relatively undisturbed 
f r ee - j e t  expansion and beam formation. 
This value is in good agreement with Milne 
Nitrogen 
Nitrogen w a s  used as a source gas t o  perform experiments similar t o  
those done with argon. 
the same as those obtained with argon. 
chambers as a function of source pressure and 
agreement with those measured with argon as the  source gas. 
a l s o  var ied  w i t h  Po and %/I+, i n  a fashion similar t o  argon. Effu- 
sion experiments yielded a value f o r  t h e  p ropor t iona l i t y  constant 
N ~ C  = 2 . 9 7 ~ 1 0 ~ ~  molecules cm-3 ampere-l. 
de t ec to r ,  N2ndx, is p l o t t e d  a s  a function of 
source 9ressure of 700 t o r r .  Again t h e  densjry is seen t o  p a s s  through a 
broad maximum which peaks a t  
gen is 1.26.1O1l molecules 
The r e s u l t s  obtained with n i t rogen  were genera l ly  
&/Do were i n  s u b s t a n t i a l  
Pressures i n  t h e  various vacuum 
I n t e n s i t y  
The measured dens i ty  at t h e  
&/Do i n  f igu re  30 f o r  a 
%/Do = 120. ?he maximum dens i ty  fo r  n i t r o -  
The maximum dens i ty  measured at  the  de t ec to r  fo r  argon beams is about 
a f a c t o r  of 2.5 higher than tha t  measured f o r  n i t rogen  beams under the 
same condi t ions .  I f  one ca l cu la t e s  a t h e o r e t i c a l  dens i ty  by t h e  methods 
of equation (35) ,  a higher dens i ty  is obtained fo r  n i t rogen  compared with 
argon. me value of such ca l cu la t ions  f o r  n i t rogen  are, however, some- 
what suspect because the t h e o r e t i c a l  equations were developed mainly on 
the  b a s i s  of a monatomic gas. 
Oxygen 
Preliminary experiments with oxygen as the  source gas ind ica t ed  t h a t  
a xenon impurity contained i n  t h e  oxygen might be usefu l  fo r  determiniiig 
the  u l t imate  sc i s l t i v i t y  of our sampling system. Therefore,  a number of 
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experiments w e r e  perfomed with oxygen. 
used at atmospheric pressure with a 0.025 centimeter sampling orr i f ice  
diameter and with %/Do = 120. 
by conventional mass spectrometr ic  techniques which had a s e n s i t i v i t y  
of about 1 ppm. 
took the  xenon level t o  be 1 ppm, 
Mlssile grade tank oxygen w a 8  
The oxygen w a s  independently analyzed 
No xenon w a s  detected i n  t h a t  ana lys i s  and we therefore  
When t h e  oxygen was sampled with our sampling system xenon w a s  
read i ly  iden t i f i ed .  
is given i n  f igu re  31. 
nuximum spectroleeter S e n s i t i v i t y  f o r  acceptable reso lu t ion ,  i.e., maximum 
e lec t ron  mul t ip l i e r  gain and maximum electrometer s e n s i t i v i t y .  The major 
xenon i so topes  are just d i sce rn ib l e  and f o r  t h e  132 isotope t h e  signal-to- 
noise r a t i o  is about 2. h ' iwever ,  t h e  in-phase cur ren t  (lower trace) 
c l e a r l y  shows the  xenon i so topes  and the s ignal- to-noise  r a t i o  f o r  t h e  
132 i so tope  is about 10. The in-phase cur ren t  w a s  measured with t h e  
lock-in ampl i f ie r  s e n s i t i v i t y  set a f a c t o r  of  10 below maxinuam and a 
10 second time constant  was used. 
noise  r a t i o  enhancement tha t  is achieved by beam modulation and phase 
s e n s i t i v e  detect ion.  Had a longer time constant  and slower scan r a t e  
been used, an even g rea t e r  enhancement could have been at ta ined.  
A t y p i c a l l y  recorded spectrum of the  xenon isotopes 
The t o t a l  current  (upper trace) was obtained at 
Figure 31 demonstrates t he  signal-to- 
The 132 xenon i so tope  is about one four th  of the t o t a l  xenon level 
and thus f o r  t he  presumed xenon impurity level of 1 ppm the  132 s i g n a l  
represents  about 0.25 ppm. Clear ly ,  i f  t he  132 s i g n a l  were one four th  
the  l e v e l  shown i n  f igure  31, i t  would still  be  e a s i l y  measurable a t  
the s e n s i t i v i t i e s  employed. 
mate s e n s i t i v i t y  f o r  our sampling system i n  t h i s  general  mass range t o  
be on t he  order  of 0.05 ppm, 
On t h i s  b a s i s  we therefore  expect 811 u l t i -  
Other Source Gas Systems 
. We have used our sampling apparatus t o  study react ion product forma- 
t i o n  i n  flames and flowing gas systems ( r e f .  13) as w e l l  as t o  s tudy 
v o l a t i l e  products emanating from metal samples subjected t o  var ious gas- 
eous environments at e leva ted  temperatures ( r e f s .  14 and 15).  For these 
experiments atmospheric pressure gases were sampled through a 0.022 cent i -  
meter diameter o r i f i c e  i n  the apex of a 0.6 centimeter high sampling cone 
welded t o  a 2 centimeter diameter by 1.5 cent imeter  high s t a i n l e s s  steel 
tube at tached t o  the flange p la te .  The skimmer diameter w a s  0.081 cent i -  
meter and !$/Do.= 144. For t h i s  arrangement the s t age  I and I1 pressures  
were 1.5210' and 8 ~ 1 0 ' ~  t o r r ,  respec t ive ly ,  w i t h  room temperature atmos- 
pheric  pressure source gas. When the gas temperature was 1000" C, these  
pressures were 7x10'4 and 1 ~ 1 0 ' ~  t o r r  
pressures were l e s s  than and t o r r ,  respec t ive ly ,  f o r  both source 
gas temperatures. 
respect ively.  Stage 111 and I V  
Flat  flames were produced with a spec ia l ly  designed burner ( r e f .  13) 
and fuel-lean methane-oxygen flames doped with S02, H20, and NaCl were 
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used t o  study the formation of Na2S04(g). 
products were measured by recording the in-phase ion current  at appro- 
p r i a t e  values of AMJ. Composition p r o f i l e s  were determined by reeasur- 
ing each species ion current as a function of vertical distance between 
the sampling o r i f i c e  and burner surface,  denoted by 
sampler o r i f i c e  by cbndensible species was a problem which l imi t ed  the 
duration of each sampling experisrent to about 30 d n u t e s .  
Gaseous flame reaction 
2. Clogging o f  the 
Measured composition p r o f i l e s  f o r  a 9.5 -le r a t i o  02/ca4 flame 
doped with S02, H20, and MaCl are presented i n  figure 32- 
observed f o r  0 2 ,  820, and CO2 are similar t o  those reported by o t h e r  
invest igators  for Cli4-02 flarees ( ref .  59) .  
Ma2SO4(g), NaSO2(g), and NaSO3(g) are n= findings and the shape of 
their p r o f i l e s  is discussed i n  reference 13. 
The p r o f i l e s  
The d i r e c t  observation of 
The formation of Na2S04(g) w a s  also studied in a flowing gas reac- 
t ion tube system at 1413 K, 
sampler inlet i n  such a way t h a t  t he  sampling o r i f i c e  on the  stainless 
steel tube extended i n t o  the reactioa tube and the hot zone. The o r i f i c e  
w a s  allowed t o  get hot before the water-saturated oxygen, SO2 and NaCl(g) 
w e r e  flowed through the hot  react ion zone, 
The reaction cube was positioned at the  
Intensities were measured f o r  the gaseous species 02, E20, S02, SO3, 
40 and 36, 38 could not be measured because large in-phase back- 
N a C l ,  Na2S04, and NaS03 with known flows of 02,  S02, H20, and known con- 
centrat ions of NaCl(g). The species NaOH(g1 and HCl(g) with parent ions 
at  m/e  
ground peaks were present at these m / e  values. These background peaks 
were due t o  argon which is a 2300 ppm impurity i n  the mis s i l e  grade oxy- 
gen t h a t  was used. 
Equilibrium thermodynamic calculat ions of the composition of t he  
reaction products w e r e  made as a frtnction o f  temperature. In  the c d c u -  
1 I t i o n s  the composition of the reactants  was held constant at t h e  weight 
f ract ions 0.96 02,  1 . 2 ~ 1 0 ' ~  NaC1, 0.012 H20, and 0.032 SO2. Calculated 
reaction product ion i n t e n s i t y  f r ac t ions  are compared with the e q u i l i b r i m  
calculated mole f r ac t ions  i n  the histogram shown i n  f igu re  33. 
Considering t h a t  the measured i n t e n s i t i e s  were not corrected f o r  
sampling factors ,  the qual i ty  of agreement between experiment and calcu- 
l a t i o n  is considered qu i t e  good. 
Our sampler has proven t o  be valuable i n  studying the atmospheric 
pressure oxidation of  various metals subjected t o  various contaminant 
gases added t o  the oxygen environment (refs. 14 and 15). The high pres- 
s u r e  mass spectrometric sampling technique has been used t o  i d e n t i f y  vol- 
a t i l e  products emanating from the metal smples .  
the metal specimen is suspended i n  the reaction tube and t h e  sampling 
o r i f i c e  is located 1 t o  2 centimeters above the specimen. An example of 
t h e  type of results obtained is shown i n  f igure 34 for  t h e  system chrodum 
specimen p l u s  02 + NaCl(g) ? HZO(g) at 1020" C. 
species (NaC1),CrOg with 
For these experiments 
With t h i s  system the new 
x = 1, 2 ,  o r  3, (NaOH)yCrOj  with v - 1 or 2, 
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b C l H a 2 C r 2 ~ .  md UatXIUa2Cr29 -re readi ly  ident i f ied.  At f i r s t  glance 
oae dgbt  suspect that these co88plexes are the product of gae phase 
reactions occurriag in the sarspling proces8, b u t  lndepend,ent evidence 
(ref. 14) suggests that t h i s  is not the case. 
&Cl polyslers condensation c lus t e r ing  does not seem reawnable when one 
considers the low NaCl(g) pressure and t h e  f a c t  that the gas is at ele- 
vated teeperature (ref- 60). 
Bmn in the case of  the 
The author8 are indebted to  Dr. John Mllard who performed the argon 
aad dtrogen beam experisreats. 
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TABLE I .  - MACH NUMBER EXPANSION 
Y 
5/3 
7 /5 
9/7 
EQUATION CONSTANTS 
%/DO A 
0.075 3.26 
.04 3.65 
.85 3.96 
Y Range 
5/3 0 5 (X/DO) I 1.665 
5/3 -0.8977 5 (X/Do) L O  
TABLE 11. - POLYNOMIALS FOR EXTRAPOLATING MACH NliMBER 
Polynomial 
M = 1.000 + 1.671(X/DO) + 0.047.1(X/DO)3 
3 M = 1.001) + 1.671(X/DO) - 0.69l2(X/D$ 
TO SUBSONIC FLOW REGIME 
7/5 
7/5 
9/7 
9/7 
M = 1.009 + 1.441(X/DO) - 0.0190(X/DO) 3 
M = 1.000 + 1.174(X/DO) - 0.0150(X/DO) 3 
0 I (X/DO) I 2.228 
3 -1.041 I (X/Dd A 0 M = 1.OGO + 1.441(X/DO) - 0.4433(X/DO) 
0 (X/DO) I2.852 
3 -1.278 L (X/DO) L 0 M 1.000 + 1.174(X/DO) - o.23g8(X/D0) 
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Figure L - Free-jet evpansion shock structure. 
14 
12 ! 
4 
2 
Figure 2. - Mach number variation with downstream distance, KIDO. for three 
values gf the speciflc heat ratio y. 
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Figure 17. - Beam chopper segmented disc. 
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Figure 18. - Schematic wiring dhgram for chopper system. 
Preamplifier 
t 1 r 
Input I Output ---r-- 
Figure 20. - Ideal l id  fxusing peak shape. 
1 P 
To electron 
multiplier 
- _ _ _ -  I Oscilloscope ’ 
Signal 1 Sweep ~ 
T I 7   I 
Input lOuQut 
! I !  
electron current 3 mA 
electron energy 30 eV 
ion eneqy -4 V fnominai) 
scan rate - 0. I AMWsec 
multiplier voltage - 3 kV 
input resistor = 107 R 
time constant * 1 set 
source * 1 atm ambient laboratory air p s s t d  
through drying column at room temperature 
In-phase ion current 
I I I n 
c 
In-phase ion current 
16 19 2s 2 37 00 44 55 73 91 
Mass-to-charge ratio 
Figure 22. - Mass spectral scan of ambient laboratory air. 
i6 i8 '2 ib 60 
In-phase Ion current 
Mass-to-charge ratio 
Figure 23. - Mass spectral scan of ambtent laboratory alr pasied through drying column. 
b 
Q 
Argon source gas 
0, * 0.025 cm 
0, - 0.076 cm 
To ~ 2 9 0  K 
L 
Stage 111 prsssure * r  Staqe I 1  pressure 
1 .  i ~. . . r . i  I I ;: L i - L _ - i I _ l - L I - L . -  2 
10-7 10-6 10 IO 
Pressure i n  torr 
Figure 27. - Variation of second and third vacuum chamber pressures with orifice to skimmer distdnce at two 
source Dressures. 
I 4x10.~ 
r 
1 0 -  E 
E 
E 8- 
E 
a 
U 
f .6- 
m 
E 
Ln 
c - 
0 
D o  0.025cn 
0, 0 076cm 
To i 294 K 
X, Do 120 
s 
0 
0 
4- t stluares line 
It 1 9 5 ~ 1 0 . ~ ~  Po - 1 0 4 ~ 1 0 . ~ ~  
2- 
1 1 - J  
700 J .  0 IM) mJ I 
c 
0 
0 
Do 0.025 cm 
Ds . 0.076 cm 
Po = 700 lorr argon 
T o %  2 9 B K  
1 _i 
20 90 bo a0 100 I& IM) 
L.-. . ~ 1 
%'Do 
I 
1'10 
I I I- 
Figure 29. - Arqon beam density at :,le detector plotted versus orifice to 
skimmer distdnce. 
r 
loll[ 
t 
L c- 
e z 
0 
r 5  
C 
Do = 0.025 cm 
0, = 3.076 cm 
Po = 700 torr nitrogcn 
To = 298 K 
i 
I 
1 0  
~ 
lo9 
____I 1- i --I 1 - - - . I  
20 1 40 60 80 100 la 140 !a 
XS'DO 
Flgure M - Nitrogen beam density at the detector plotted ver5us orilice to 
skimmer dirlance 
bS0) 
10 e 
0 2 d 6 8 IO I ?  
Burner surface to-sampling orifice 
distance. mm 
Figure 32. - Measured reaction product 
canposition ,rdiks for a methane-olrygen 
flame Qped with SO2 4 NaCl HP. 
0 hpcrimental ion intensity traction 
0 Equilibrium uiated mole fraction 
1 
f i g d e  33 - Comparison of measured and equliibrlum calculated reactlon 
products p'oduced at 1413 K In a f lw ing  gas mixture d KaCIw + So2(yt 
+ HPtqt 021gi 
Intensity 
1c-4 _____ 10-3 10 2 10-1 18 
c _. -I 
1 4 
I 
f==== 
b I 
r=3 W i t h o d  Hfli91 
? With Hfl'ql 
Fiqure 34 - hbsr rpectrun of vapors over Crf13(si + 02'41 + NaCliqi 
* HPiql at 1020° C 
